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Bile acids are essential for the efficient digestion and absorption of lipids, and are 
re-absorbed by aNa+ /bile acid co-transport protein within the ileum. 
Investigation into the transport protein, using BBMV and Xenopus laevis oocytes, 
revealed that pig ileal Na +/bile acid co-transport protein was not strictly dependent 
of the presence of an inwardly directed Na + gradient, as previously determined. 
Cations which had ionic radii between 0.8 - 1.33A, most notably Na+, K+ and 
Ca2+, stimulated secondary active transport of taurocholate. Taurocholate uptake 
in the presence of inwardly directed cation gradients of Na + and K+, demonstrated 
Michealis Menten Kinetics, concentrative accumulation, competitive inhibition 
and was temperature sensitive. Preventing the translation of the gene encoding the 
Na+/bile acid co-transport protein, abolished secondary active transport in the 
presence ofboth Na+ and K+. 
Isolation and computer modelling of the gene which encoded the pig ileal Na +/bile 
acid co-transport protein, revealed that this protein was composed of 8 
transmembrane domains and lead to the identification of proposed cation and bile 
acid binding sites. 
The ability of K+ to stimulate the Na +/bile acid co-transport protein could be of 
physiological importance in vivo, because of the depleted Na + concentration 
present within the ileum. Though, the rate of taurocholate transport in the 
presence of K+ is reduced when compared to Na+, the transport protein has very 
similar affinities for taurocholate in the presence of both cations and therefore 
could use K+ for efficient re-absorption of taurocholate. Therefore, for this study it 
was proposed that the Na+/bile acid co-transport protein had a preference for Na+ 
rather than a strict dependence as previously concluded. 
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INTRODUCTION 
CHAPTER ONE: 
1. The morphology and physiology of the gastrointestinal system 
The function of the gastrointestinal system is the digestion and absorption of ingested 
food. The alimentary canal is a long muscular tube beginning at the lips and ending at 
the rectum, encompassing the mouth, pharynx, oesophagus, stomach, small intestine, 
large intestine, and glandular organs (salivary glands, liver, gall bladder and 
pancreas). 
1.1 Physiology of the mouth 
Digestion begins at the mouth, where the actions of salivary secretions start to digest 
food. In a normal adult, the salivary glands secrete about 500mls/ day of a hypotonic 
solution (Johnson, 1991). Saliva primarily consists of Na+, K+, cr and HC03- ions, 
with the salivary acinar cells actively secreting K+, HC03- and Li+ from the blood into 
the saliva. The final salivary secretions consists of 8-40 mM K+, 5-100 mM Na +, 1.5-
2 mM Ca2+, 5.5-14 mM P04-, 5-70 mM Cr (Hold et a/.,1983). Therefore, the saliva 
entering the stomach consists of a high concentration of electrolytes, which will be 
utilised in digestion and absorption in the stomach and small intestine. 
1.2 Physiology of the stomach 
The stomach is a sack like organ where ingested food is stored partially digested and 
then slowly moved into the small intestine by peristalsis. The mucosa of the stomach 
is primarily composed of columnar mucus secreting epithelial cells and oxyntic and 
pyloric glands. The oxyntic glands contain chief cells and parietal cells that secrete 
the enzyme precursor pepsinogen and HCl respectively. In humans, the parietal cells 
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also secrete an intrinsic factor needed for vitamin B12 absorption in the terminal 
ileum (Davenport, 197 5). The pyloric glands contain gastrin producing G cells and 
mucus cells which secrete a small amount of pepsinogen (Johnson, 1991). 
1.2.1 Gastric secretions 
1.2.1.1 Gastrin 
Gastrin secretion by G cells occurs in the stomach and the duodenum. The G cells are 
stimulated by neural distension, the presence of proteins and gastrin releasing peptide 
(GRP). Within the gastrointestinal system, there are two forms of gastrin, with the 
larger 17 amino acid form (G34) being broken down to G 17 and heptadecapeptide by 
the action of trypsin (Johnson, 1991). Gastrin has a range of effects as shown in table 
1.1 but its most important effect is the stimulation of acid secretion (Campbell et al., 
1994). However, it can only function at a pH above 3 so after the release of HCl, 
gastrin secretion is inhibited by the release of somatostatin. 
1.2.1.2 Hydrochloric acid secretion (HCI) 
Parietal cells of the oxyntic mucosa are stimulated to secrete HCI by gastrin, 
histamine and acetylcholine (a mediator between vagal nerves and parietal cells). HCl 
is secreted by H+ being actively pumped (down its electrical gradient) into the 
stomach lumen by an H+, K+ ATPase. Gastric inhibitory protein (GIP), which is 
released from the duodenum and jejunum, prevents HC1 secretion (Campbell et al. , 
1994). 
1.2.1.3 Pepsin 
Pepsinogen (precursor of pepsin) has two different forms, pepsinogen I which is 
2 
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secreted by the chief and mucus cells of the oxyntic glands and pepsinogen II secreted 
by mucus cells present in the pyloric glands, oxyntic glands and duodenum. The 
strongest stimulation of pepsinogen secretion is caused by acetyl choline (ACH), 
which stimulates parietal cells to release H+, which in tum activates chief cells to 
release pepsinogen. The H+ then activates the enzyme, by degrading pepsinogen ( 42.5 
kDa) into pepsin (35 kDa). Gastrin and secretin are also able to directly stimulate the 
chief cells (Davenport, 1975). 
Table 1.1, The effects of gastrointestinal hormones 
Action of hormone Gastrin CCK 
Acid secretion v ./ 
Gastric emptying X X 
Pancreatic HC03- secretion ./ v 
Pancreatic enzyme secretion ./ v 
Bile HC03- secretion ./ ./ 
Gall bladder contraction ./ ./ 
Gastric motility ./ ./ 
Intestinal motility ./ ./ 
Insulin release ./ ./ 
Mucosal growth v ./ 
Pancreatic growth ./ v 
Key: ./ = stimulates V = important function x = inhibits 
Adapted from Johnson, 1991 













Within the stomach, an electrolyte solution is secreted. At low secretory rates, the 
3 
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solution is mainly composed ofNaCl with a low concentration of H+ and K+. As the 
secretion rate increases so does the concentration of H+ with a corresponding decrease 
in Na + secretion. At peak secretory rates, the solution is mainly composed of HCl and 
low concentrations ofNa+ and K+ (Johnson, 1991). Though the concentrations of the 
major electrolytes within the stomach are variable throughout different stages of 
digestion, the gastric juices remain isotonic with respect to the plasma (Davenport, 
1975). 
Therefore, in addition to the electrolytes entering the stomach from the saliva there is 
further secretion of the cations Na+, K+, H+ and the anion cr from the stomach. The 
presence of these ions entering the small intestine will be of vital importance for the 
reabsorption processes in the small intestine. 
1.3 Physiology of the pancreas 
The functions of the pancreas are the exocrine secretion of enzymes and a bicarbonate 
solution. The secretions come from acinar cells which are stimulated by the presence 
of gastrin and CCK, though gastrin is only half as potent a stimulator as CCK 
(Jonhson, 1991 ). 
1.3.1 Electrolyte secretions 
The pancreas, along with the stomach, also secretes an isotonic electrolyte solution 
which enters the small intestine. At low secretion rates, Na '· and cr are the 
predominant ions, whilst at high rates, cr is replaced by HC03-. K+ is present in all 
secretions at the same concentration as the plasma (Davenport, 1975; Johnson, 1991). 








0 = secondary active 
transport process 
® = Na +;K + ATPase 
Adapted from Johnson, 1991 
1.3.2 Pancreatic enzymes 
PLASMA 
H , O 
C0 2~ 
__ ,......._ _ H + + HCO 3. 
Na + 
There are a wide range of enzymes secreted by the acinar cells of the pancreas, all of 
which are involved in the digestion of food within the intestine. Proteolytic enzymes, 
which include trypsinogen, chymotrypsinogen, procarboxypeptidase, proelastase and 
pro-aminopeptidase are secreted in an inactive form and are activated by trypsin. The 
inactive form of trypsin, trypsinogen, is activated by duodenal enterokinase, by the 
cleavage of a hexapeptide from theN-terminal end (Johnson, 1991 ). 
1.4 Physiology of the liver 
The liver is the largest mass of glandular tissue in the body with a diverse range of 
functions, from exocrine and endocrine secretions to metabolism and toxin 
degradation. It is divided into four lobes, each containing hepatocytes and a stroma of 
connective tissue that has blood vessels, nerves, ducts and lymphatics (Ross and 
5 
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Romrell, 1989). The hepatocytes have numerous functions including protein 
synthesis, lipoprotein synthesis, bile production as well as metabolism of lipid soluble 
drugs, carbohydrates, amino acids and fatty acids (Vander et al.,1990). Between the 
liver hepatocytes, are small canals, termed bile canaliculi, into which the microvilli 
present on the hepatocytes project. Bile acids and bile products, which are synthesised 
within the hepatocytes, are released into the bile canaliculi and drain into a network of 
small bile ducts, termed the canals of Hering. The canals of Hering connect to the 
main bile ducts to form a common bile duct that leads to the duodenum. The common 
bile duct is joined by the pancreatic duct just before the opening into the duodenum 
(Johnson, 1991). 
1.5 Physiology of the gallbladder 
The mucosa is lined with a thin layer of absorptive columnar epithelial cells that are 
separated by intercellular spaces and are involved in the reabsorption of electrolytes 
and water. The epithelial cells have numerous small microvilli on their surfaces, for 
the transport of water and solutes from the bile (Ross and Romrell, 1989). The 
absorption of Na + is an active process, which is coupled to the flow of an anion. 
Water reabsorption is a passive process but is dependent on the active absorption of 
NaCl and NaHC03 to provide the osmotic gradient. The absorption of water results in 
a concentrated bile solution within the lumen of the gall bladder (Johnson, 1991 ). The 
absorption of Na+, cr, and HC03- leaves behind other electrolytes such as K+ and 
Ca2+. The concentration of cations, bile acids, cholesterol, phospholipids and mixed 
bile acid-lecithin-cholesterol micelles within the gallbladder, results in 40-60 ml of a 
6 
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· b"l 1 · · h h. h · · of K+ and Ca2+ concentrated isotomc 1 e so utton wtt a 1g composthon 
(Davenport, 197 5). The arrival of chyme from the stomach, containing lipids, into the 
duodenum stimulates the release of CCK (cholecystokinin) from the duodenal 
mucosa. CCK in tum stimulates the gallbladder to release the concentrated bile into 
the duodenum (Ross and Rornrell, 1989). 
1.6 Physiology of the large intestine 
The mucosa of the large bowel contains unbranched crypts of Lieberkuhn, endocrine 
cells, absorptive cells and goblet cells (Ross and Romerall , 1989). The epithelial cells 
of the large intestine are mainly involved in the absorption of water from the lumen of 
the bowel, though absorption of nutrients can occur within the proximal region. The 
presence of high concentrations of bile acids can inhibit water absorption and cause 
diarrhoea. Excessive concentrations of bile acids in the large bowel is usually due to 
disruption of enterohepatic circulation, such as ileal resection, thereby allowing the 
detergent-like bile acids to have an adverse effect on the epithelium of the large bowel 




2. The morphology and physiology of the small intestine 
2.1 Anatomy of the small intestine 
The small intestine is involved in the completion of digestion and absorption of 
ingested food. Starting at the pylorus and ending at the ileo-caecal junction, the small 
intestine is divided into the duodenum, jejunum and ileum. Maximum digestion and 
absorption occurs in the duodenum and jejunum, with pancreatic and liver secretions 
emptying through a duct into the duodenum (Ross and Romerall , 1989;Vander et al., 
1990). Therefore, the proximal region of the small intestine has the highest 
concentration of cations such as Na+, so most of the intestinal enzymes and transport 
proteins are found within this region. 
2.2 Morphology of the small intestine 
To increase the rate of absorption, the small intestine is very long and has a large 
surface area due to the presence of villi (0.5-1 mm in length), microvilli and circular 
or spiral folding of the mucosa membrane (plicae circulares). Intestinal villi vary in 
shape, duodenal villi are broad and leaf shaped with maximal surface area, jejunal 
have a tongue-like shape and ileal villi resemble short finger-like projections (Trier 
and Madara, 1981 ). In the centre of each villus is the lacteal, which is involved fat 
absorption, and a capillary network that transports amino acids and carbohydrates to 
the hepatic portal vein. 
2.3 Epithelium of the small intestine 
Due to the numerous functions of the small intestine, the epithelium covering the villi 
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is a highly differentiated structure with a range of cells that have specific morphology 
and functions (Trier and Madara, 1981 ). 
2.3.1 Crypts of Leiberktthn 
The crypts of Leiberkohn contain a number of mature cells, such as caveolated and 
endocrine cells, and undifferentiated cells that mature as they migrate towards the tip 
ofthe villi (Ross and Romrell , 1989). 
2.3.1.1 Paneth cells 
Paneth cells occur in the lower half of the crypts of Leiberkohn and mature as they 
migrate from the base of the crypts (Caimie, 1970; Bry et al. , 1994). These cells are 
present in humans, primates and some rodents but not rabbits or pigs. The density of 
paneth cells are highest in the ileum followed by the duodenum (Singh, 1971 ). Paneth 
cells release growth factors , digestive enzymes and antimicrobial peptides, which are 
able to digest the cell walls of certain groups of bacteria (Bry et al., 1994). 
Furthermore, paneth cells are able to phagocytise certain bacteria (Ross and Romrell , 
1989). 
2.3.2 Brunner glands 
Brunner glands penetrate the duodenal mucosa, and in the presence of chyme, secrete 
an HC03- rich solution, along with a thin alkaline mucus, which helps neutralise the 
acidic chyme and protects the duodenal tissue from autodigestion (Trier and Madara, 
1981 ). 
2.3.3 Goblet cells 
Small intestinal goblet cells are mucus secreting cells that are present thoughout the 
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small intestine and which increase in concentration down the small intestine. These 
cells have a turnover time of less than 40 hours by which time the cells will have 
migrated to the tip of the villus (Caimie, 1970; Trier and Madara, 1981; Ross and 
Romrell, 1989). 
2.3.4 Peyer's patches 
The surface of the ileal epithelium contains the lymphoid Peyer's patches (Trier and 
Madara, 1981 ). These cells are precursors to plasma cells that secrete 
immunoglobulins particularly IgA and are stimulated to proliferate and differentiate 
by contact with intestinal antigens that penetrate the epithelium (Walker and 
Isselbacher, 1977). Specialised epithelial M cells have been proposed to facilitate the 
contact between intraluminal antigens and the Peyer's patches, by transporting 
antigens which are unable to penetrate the epithelium (Bockman and Cooper,1973; 
Walker and Isselbacher, 1977). 
2.3.5 Enterocytes 
Enterocytes are the major component of intestinal villi and are involved in the 
absorption of digested food and also the secretion of certain enzymes used in 
digestion. Enterocytes contain supranuclear golgi complexes, abundant mitochondria 
and basally located nuclei (Ross and Romrell, 1989). The apical membrane is 
composed of densely packaged microvilli, which are 0.5-1.5 11m in length and 0.1 11m 
in width (Trier and Madara, 1981 ).These microvilli, termed the brush border 
membrane, have been estimated to increase the intestinal surface area by 14-40 fold . 
The basolateral membrane is thinner than the apical membrane and allows solutes to 
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pass from the enterocyte into the blood or lymph supply of the villus (Ross and 
Romrell, 1989). 
The epithelium of the villus has a rapid proliferation rate with enterocytes being 
found in various stages of development due to cells migrating from the crypts of the 
villus to the tip. Mitotic division only occurs in the crypts of the villi, with the 
estimated time of the cycle taking 24 hours in the duodenum and jejunum, compared 
to 9 hours in the ileum (Holmes and Lobley, 1989) 
2.3.5.1 Brush border membrane 
The brush border membrane contains numerous intramembrane particles, which vary 
in size and composition. The membrane is rich in cholesterol and glycoproteins which 
increases its hydrophobicity (Kim and Perdomo, 1974; Holmes and Lobley, 1989). 
Important digestive processes have been localised to the brush border membrane, with 
a number of enzymes including various disaccharidases and peptidases being 
distributed along the microvillus. Furthermore, nonenzymatic proteins are present in 
the brush border membrane, such as receptors which can selectively bind vitamin B 12 
and Ca2+, as well as transport proteins responsible for the co-transport of D-glucose, 
amino acids and bile acids (Wright, 1993; Aoshima et al., 1988; Kramer et al. , 
1983). The various proteins of the brush border membrane differ in the extent to 
which they are anchored in the hydrophobic core of the membrane. In the case of the 
larger molecular weight proteins, such as sucrase-isomaltase, the glycosylated portion 
of the enzyme protrudes into the intestinal lumen with only a small portion of the 
enzyme anchored in the hydrophobic membrane (Trier and Madara, 1981; Holmes 
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and Lobley, 1989). However, the small molecular weight membrane proteins, such as 
alkaline phosphatase, A TPase, trehalase and co-transport proteins are more deeply 
embedded (Trier and Madara, 1981; Holmes and Lob ley, 1989). 
2.4 Secretions of the small intestine 
The maximal rate of digestion and absorption occurs in the proximal regions of the 
small intestine. The major secretions of the small intestine are mainly involved with 
the stimulation of pancreatic and bile acid secretion. Secretin release from S cells in 
the duodenum, is stimulated by the presence of H+ and long chain fatty acids. 
Secretin's main action is the stimulation of gallbladder and pancreas secretions, as 
shown in table 1.1. Gastrin releasing peptide (GRP) is involved in the stimulation of 
gastrin production from G cells located in the stomach and the duodenum (Johnson, 
1991 ). However, there is also evidence that GRP has an effect on ion transport in pig 
jejunum, with the stimulation of active electrogenic cr secretion (Chandan et a!., 
1988). Cholecystokinin (CCK) secretion occurs in the first 90 em of the small 
intestine and is released in response to fatty acids and L- isomers of amino acids. This 




3. Digestion within the small intestine 
3.1. Carbohydrate digestion 
Starch is ingested in two principal forms, amylose and amylopectin which are 
polysaccharides consisting of a (1-4) linked glucose and a (1-4) and a (1-6) linked 
glucose units respectively (Gray, 1981 ). 
3.1.1 Enzymes involved in carbohydrate digestion 
3.1.1.1 Salivary and pancreatic enzymes 
Within the mouth, the enzyme a amylase (ptyalin) cleaves internal a (1-4) glycosidic 
bonds present in starch to produce the oligosaccharides maltose and maltotriose and 
also a limit dextrins (Abdullah et al., 1977). 
Pancreatic a amylase is released into the duodenum and cleaves the internal a ( 1-4) 
links of polysaccharides to produce the oligosaccharides maltotriose and maltose. 
However, pancreatic a amylase is unable to cleave a ( 1-6) links in polysaccharides 
which also leads to the formation of a limit dextrins (Vander eta/., 1990). 
3.1.1.2 Intestinal enzymes 
Within the small intestine, disaccharides, such as lactose or sucrose, are hydrolysed to 
monosaccharides by enzymes present on the brush border membrane (Trier and 
Madara, 1981 ). These enzymes can hydrolyse the carbohydrates after they are 
released into the lumen or whilst still embedded in the membrane (Trier and Madara, 
1981; Holmes and Lobely, 1989). 
The enzymes, sucrase-isomaltase, maltase-glucoamylase, trehalase and lactase are all 
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embedded in the brush border membrane by a peptide anchor which is cleaved to 
allow release (Holmes and Lobely, 1989). 
Table 3.1 Summary of the actions of major enzymes in carbohydrate digestion 
Enzyme Substrate Action on substrate Final product 
Lactase Lactose Cleaves a( 1-4) linkages glucose and galactose 
Sucrase Sucrose Cleaves a (1-4) & glucose and fructose 
a( 1-6) linkages 
Glucoamlyase a dextrins Cleaves a (1-4) linkages malto-oligosaccharide, then 
hydrolysed to glucose by 
sucrase 
Once the digested carbohydrates have reached the brush border membrane they are 
absorbed across the intestinal membrane into the enterocytes. 
3.2 Protein digestion 
3.2.1.1 Stomach and pancreatic enzymes 
Protein digestion begins in the stomach by the action of pepsin, an endopeptidease 
with a specificity for peptide bonds involving aromatic amino acids. The action of 
pepsin terminates upon entry to the small intestine (Adibi & Young, 1981 ). 
Within the small intestine pancreatic endopeptidases hydrolyse the interior peptide 
bonds of proteins. Trypsin attacks peptide bonds consisting of basic amino acids at 
the C-terminal end of the protein, whilst elastase degrades peptide bonds of neutral 
aliphatic amino acids (Davenport, 1975; Johnson, 1991).The majority of peptidases 
are secreted as pro-enzymes which become activated in the small intestine by tryspin. 
Protein hydrolysis by the action of pepsin and pancreatic peptidase results in the 




3.2.1.2 Intestinal enzymes 
The exopeptidase enzymes, located in the brush border membrane and cytoplasm of 
enterocytes, hydrolyse external N-terminal peptide bonds of polypeptides releasing 
free amino acids (Davenport, 1975; Siamak and Young, 1981 ; Johnson, 1991). 
The peptidases present on the brush border membrane are mainly involved in the 
hydrolysis of long chain tri- and tetra-peptides (Johnson, 1991) and have an active site 
facing the lumen of the gut with a small hydrophobic anchoring peptide embedded in 
the brush border membrane (Siamak andY oung, 1981 ). 
The cytoplasmic peptidases of enterocytes are largely involved in the hydrolysis of 
di-peptides, especially those containing proline (Siamak and Young, 1981 ). 
3.3. Lipid digestion 
3.3.1. Lipid absorption within the stomach 
Within the stomach, the digestion of short chain fatty acids occurs. These lipids are 
less hydrophobic than long chain fatty acids, so are less likely to form aggregates 
which impede digestion and absorption (Stryer, 1988). 
Lipid digestion within the stomach occurs by means of lipases, which are either 
present in the ingested food, such as carboxylic ester hydrolyse (CEH) present in 
human milk, or lingual lipase which is secreted by the mouth. Lingual lipase acts on 
triglyceride esters producing diglycerides and fatty acids (Hamosh et al. , 1978). 
3.3.2 Lipid digestion within the small intestine 
Lipid digestion within the small intestine involves a range of lipids derived from 
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either an exogenous or an endogenous source. 
3.3.2.1 Triglycerides 
Triglycerides are important lipids and are mainly derived from an exogenous source. 
These lipids are composed of uncharged esters of glycerol with fatty acids attached to 
the glycerol moiety. The majority of triglycerides contain long chain fatty acids, 
resulting in very hydrophobic lipids that can only be digested after they have formed 
mixed micelles with bile acids (Voet and Voet, 1995). 
Triglycerides are digested by pancreatic lipases which hydrolyse the 1 and 3 ester 
bonds resulting in the formation of free fatty acids and 2-monoglycerides (Ahrens and 
Borgstrom, 1955; Tso and Balint, 1986). Pancreatic lipase is secreted in an active 
form, but this can be inhibited by bile acids. To prevent this inhibition, co-lipase, is 
secreted from the pancreas which aids in the binding of lipase to the lipid (Davenport, 
1975; Thomson and Dietschy, 1981 ). 
3.3.2.2 Phospholipids 
There are two forms of phospholipids, glycerophospholipids (exogenous source) and 
sphingolipids (endogenous source) (Voet and Voet, 1995). Glycerophospholipids are 
derivatives of glycerol and sphingolipids are derived from sphingosine, an amino 
alcohol, which contains a long unsaturated hydrocarbon chain. Phospholipids are very 
important in the solubilisation of certain lipid products and so are abundant in bile. 
The phospholipid lecithin is a polar molecule present in the normal diet and abundant 
in bile, where it is used for the solubilisation of biliary cholesterol (Davenport, 1975). 
Phospholipids are digested by pancreatic lipase which attack the bond between the 
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glycerol or sphingosine and fatty acids, to release the fatty acids (Thomson and 
Diestchy, 1981). 
3.3.2.3 Cholesterol 
Cholesterol is the most abundant steroid in animals and is a major component of 
plasma, bile acids and cell membranes (Voet and Voet, 1995). Cholesterol comes 
from both an exogenous and endogenous source, with endogenous cholesterol being 
present in the bile (Lamzini and Northfiled, 1988; Harnett et a/. , 1989; Dawson, 
1999). Cholesterol contains hydroxyl groups and so is able to form esters with fatty 
acids; these esters need to be hydrolysed before uptake into the intestinal brush border 
membrane (Thomson and Dietschy, 1981 ). Human pancreatic esterase hydrolyses 
esters of cholesterol and also vitamins A, D and E. However, cholesterol esterase is 
only active against cholesterol incorporated into mixed bile acid micelles (Thomson 
and Dietschy, 1981 ). Cholesterol esterase is also present on the brush border 
membrane of intestinal enterocytes and is able to resynthesis cholesterol for the 
formation of chylomicrons (Brindley, 1978; Johnson, 1991 ). 
Endogenous cholesterol is more likely to be absorbed in the jejunum whilst dietary 
cholesterol absorption takes place throughout the small intestine (Lutton, 1976). 
3.3.2.4 Fatty acids 
Fatty acids are the major components of lipid structure and are utilised m the 
synthesis of phospholipids, glycolipids and triglycerides. 
Short chain fatty acids (SCFA's) are present in the diet in limited concentrations, 
however lipase from the pancreas and the intestinal mucosa preferentially hydrolyses 
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the triglycerides containing short chain fatty acids. These SCFA's which are present 
in the lumen of the small intestine are readily absorbed from the jejunum, ileum and 
colon (Greenberger et al., 1966). Long chain fatty acids are more common and have 
the effect of increasing the hydrophobicity and melting point of lipids such as 
triglycerides and phospholipids. 
3.4 The requirement of bile acids in the digestion of lipids 
In the hydrophilic environment of the small intestine, hydrophobic lipids have poor 
solubility. Even when hydrolysed to simple constituents, lipids tend to aggregate 
together to form larger complexes. Though the mechanical action of the small 
intestine breaks up the larger lipid aggregates, digestion still proceeds slowly, which 
can lead to the malabsorption of lipids (Davenport, 1975). This problem is overcome 
by the interaction of bile acid micelles and lipids within the small intestine. 
Emulsification of most dietary fat occurs in the duodenum, and requires a neutral 
environment and a detergent in the form of bile acids. The acidic chyme entering the 
duodenum from the stomach is neutralised by bicarbonate secretions that are released 
from the pancreas into the small intestine. Twenty minutes after the beginning of a 
meal the gall bladder contracts and releases bile containing concentrated bile acids 
into the duodenum. The bile acids emulsify lipid droplets by the formation of mixed 
micelles, thereby allowing nearly all the lipids to be digested in the small intestine 
(Hofmann et al., 1991 ). 
3.4.1 Formation of mixed micelles in the lumen of the small intestine 
Bile acids have an amphipathic nature due to being composed of a hydrophobic 
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steroid nucleus and methyl groups and one or more hydrophilic hydroxyl side chains. 
Due to this structure, bile acids are able to form micelles, which are composed of a 
lipid-like hydrophobic core and a surface of polar headgroups (Thomson and 
Dietschy, 1981 ). 
Being detergents, all bile acids have a critical micellar concentration (CMC), which is 
a narrow concentration range below which no micelles are detected and above which 
virtually all additional surfactants form micelles (Thomson and Dietschy, 1981 ). 
Conjugated bile acids have a lower CMC than unconjugated bile acids, with glycine 
conjugates giving the lowest CMC. In most mammals, all bile acids have CMC less 
than I 0 mM, therefore allowing micellar formation to occur in the gall bladder and 
small intestine (Dietschy, 1968; Wilson, 1981 ). 
As the concentration of bile acids increases to CMC, spontaneous association of 
monomers occurs, and then the formation of dimers and tetramers. Monomer micelles 
initially consist of bile acids, 2-monoglycerides and free fatty acids. The bile 
acid/monoglyceride micelle incorporates other lipids such as fatty acids, 
phospholipids and diglycerides along with free and esterified cholesterol into its 
hydrophobic centre (Vander et al. , 1990). The hydrophilic surface of the micelle 
contains partially ionised fatty acids, less hydrophobic monoglycerides and bile acids 
(Dietschy, 1968; Davenport, 1975). Bile acid micelles also facilitate the absorption of 
fat-soluble vitamins, such as vitamin A, D, E and K, by the incorporation of these 
non-polar vitamins into the mixed micelle (Thomson and Dietschy, 1981 ). 
Each micelle is about 4-6 nm in diameter and contains about 20 fat molecules 
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(Davenport, 1975). The size of a mixed micelle is not static and alters in relation to 
the properties oflipids present in the micelles (Fondacaro and Rodgers, 1978). 
Solubilisation in mixed micelles is competitive, with the more hydrophilic lipids 
being solubilised quicker than the strongly hydrophobic lipids (Wilson 1981 ). The 
movement of lipid molecules from the micelles occurs at a fast rate, with the mean 
residence time being around 1 0 milliseconds. This means that as free fatty acids and 
2-monoglycerides enter the aqueous lumen and diffuse through the brush border 
membrane, more lipids rapidly enter the aqueous phase. This is termed dynamic 
equilibrium (Davenport, 1975; Thomson and Dietschy, 1981 ; Wilson, 1981 ). 
There is some evidence that bile acids are able to form micelles with heavy metals 
present in the bile, liver and intestines. Small bile acid /heavy metal aggregates are 
formed, with increased stability and solubility in the presence of particular heavy 
metals. The stability of the micelles increased in the presence of Cd2+ > Fe2+ > Pb2+ > 
Zn2+ > Cu2+ , with solubility increasing from Fe2+> Pb2+ > Cd2+> Zn2+ (Feroci eta/., 
1996). 
3.5 Unstirred water layer 
The unstirred water layer (UWL) is present in the lumen of the small intestine, and 
surrounds the intestinal villi . The UWL can be thought of a series of water lamellae 
extending outward from the brush border membrane, each progressively more stirred, 
until they blend with the bulk water phase. The thickness of the UWL varies between 
l 00-500J.lm in various epithelial surfaces in vitro (Hingson and Diamond, 1972). The 
UWL is thinner at the tips of the villi which leads to an increased rate of absorption 
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(Thomson and Dietschy, 1981; Pohl et al. , 1998). 
Movement across the UWL only occurs by diffusion and for hydrophobic lipids, 
amino acids, sugars and bile acids the UWL can be the rate limiting step in the 
process of absorption. Therefore, the UWL is of major importance in determining the 
passive movement of a molecule (Wilson, 1981 ). The presence of the UWL in 
perfused intestine results in artificially low permeability coefficients for passive 
transport processes and higher Km values for active transport processes. Therefore, in 
vivo transport studies have to take into account the UWL in relation to Km values 




4. Absorption of substrates and electrolytes throughout the small intestine 
The small intestine is involved in the absorption and transport of exogenous and 
endogenous substrates, with amino acids, fatty acids and glucose mainly being 
absorbed in the duodenum and jejunum, whilst the ileum is primarily involved in the 
reabsorption of bile acids and vitamin B 12 (Neale, 1990). 
4.1 Electrolyte absorption within the small intestine 
Small intestine epithelia have a very high passive permeability to small ions and 
water, so the majority of cation absorption occurs within the small intestine (Schultz, 
1981 ). 
4.1.1 K+ absorption within the small intestine 
In the lumen of the duodenum and jejunum, the concentration of K+ is relatively low 
(342mg/L), due to stomach and pancreatic secretions not containing a high K+ 
concentration. However, the concentration of K+ within proximal enterocytes is 
usually at a higher concentration than in the lumen, due to K+ being pumped into the 
enterocyte from the basolateral A TPase pump. Therefore, in the duodenum and 
jejunum, K+ diffuses out of the enterocytes into the intestinal lumen (Johnson, 1991 ). 
Within the lumen of ileum the concentration of K+ increases to 3420mg/L resulting in 
a cation gradient inwardly directed from the lumen to the enterocyte (Johnson, 1991 ). 
4.1.2 Ca2+ absorption within the small intestine 
The transport of Ca2+ into the brush border membrane is initiated by the presence of 
dihydroxy-vitamin D3. Within the brush border membrane of the small intestine, two 
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vitamin D-dependent Ca2+ binding proteins have been identified, a 12.5 kDa protein 
in the duodenum and a 27 kDa protein present in the jejunum and ileum. The 
duodenal protein displays a greater affinity for Ca2+ and is more dependent on the 
presence of vitamin D (Miller eta!. , 1979). 
4.1.3 N a+ absorption within the small intestine 
Na + is an essential ion for all mammals and is utilised in a wide range of metabolic 
processes including active transport and coupled transport. In the duodenum, the Na + 
concentration is around 3220 mg/L which decreases to 2875 mg/L in the jejunum and 
920 mg/L in the ileum (Johnson, 1991). 
4.1.3.1 Active (electrogenic) transport 
The mechanism of active transport of Na + occurs by simple electrical and chemical 
diffusion as shown in figure 4.1 (Johnson, 1991 ). There is some evidence that the 
addition of ethanol inhibits the absorption of Na +, by dissipation of the Na + 
electrochemical gradient (Gunther, 1978; Hunter eta!., 1983). 
The exit of Na+ from the basolateral membrane of the enterocyte occurs against a 
steep chemical and electro-potential gradient which requires energy provided by A TP 




Figure 4.1, Cation transport through intestinal enterocytes 
Lumen ~ Serosa (OmV) Enterocyte (-4DmV) (+3mV) 












Cl- ~ Cl-/ 
Cl- ~ ~ ~ Cl-HC03- ( HCD3- «: H2 C03- ) 1' C02+ H20 
Key: S = substrate coupled to Na+ 
Adapted from Schultz, 1981 Salt and water absorption by mammalian small intestine 
4.1.3.2. Secondary active (coupled) absorption 
Within the small intestine, the absorption of substrates such as glucose, amino acids 
and bile acids are generally coupled to the absorption of Na +. In most cases, the 
coupled absorption of a substrate with Na + occurs by means of a specific transport 
protein located in the brush border membrane of the enterocytes. 
The process of Na + entering the cell by passive diffusion supplies sufficient 
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electrochemical energy for a substrate to be transported through the brush border 
membrane, even when the substrate has a lower concentration within the lumen of the 
small intestine than compared to the enterocyte (concentrative accumulation). 
Furthermore, the process of Na+ passing through the transport protein has been 
proposed to induce conformational changes which aids absorption (Wright et al., 
1994). The process of utilising Na+ to transport substrates against their concentration 
gradient is termed co-transport. 
4.2 Carbohydrate absorption 
The whole of the small intestine IS involved in the absorption of digested 
carbohydrates, though the majority of digestion occurs within the jejunum (Bluett, 
1986). There are two transport processes in the small intestine, facilitated diffusion of 
fructose and glucose and the secondary active transport of galactose and glucose. 
4.2.1 Secondary active absorption of D-glucose and D-galactose by the Na + 
dependent D-glucose transport protein (SGL Tl) 
The active transport of D-glucose and D-galactose was one of the first intestinal 
transport processes to be characterised. Crane eta!., (1962) proposed that D-glucose 
was actively transported across the brush border membrane of enterocytes against its 
concentration gradient. This transport mechanism was shown to be a secondary active 
process dependent on the presence of a Na + gradient, inwardly directed from the 
lumen of the intestine into the enterocytes (Lucke et a!., 1978a; Kimmich, 1981 ; 
Dorando and Crane, 1984). However, further work has shown that, though the 
transport protein is dependent on the presence of Na +, it also utilises H+ for secondary 
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active transport. At an acidic pH of 5.5, the presence of H+ induced a higher rate of D-
glucose uptake when compared to Na + dependent D-glucose transport at that pH. 
Furthermore, the Na + dependent D-glucose transport protein (SGLT I) had a higher 
affinity for H+ than for Na+, but the H+ loaded protein had a lower affinity for the D-
glucose than the Na+ loaded protein. Secondary active D-glucose transport has been 
shown to be an electrogenic process (Murer and Hopfer, I 974; Ikeda et a/. , 1989; 
Mullins et al., 1992; Wright, 1994) with the transport of two Na +or H+ ions required 
for the transport of one sugar molecule (Kauntiz et al., 1992). 
The SGTL1 is selective with respect to the structure of the substrate, only transporting 
hexose sugars (such as D-glucose and D-galactose) that have a hydroxyl group at 
position 2, whilst the configuration at positions I, 3 and 4 on the hexose ring are less 
important (Crane, 1962; Ikeda et al., 1989). However, the Na + dependent D-glucose 
transport system can be competitively inhibited by the presence of phlorizin (a plant 
glycoside) which shares a similar structure to D-g1ucose (Harig eta/., 1989; Umbach 
et al., 1990; Ikeda et al., 1989; Wright, 1993; 1994). In secondary active transport 
processes, competition arises between the substrates for the transport protein, with the 
structure of the substrate being very important in the determination of rate and affinity 
of that particular substrate for the transport process. 
SGLTl has also been shown to display Michaelis Menten kinetics (Dorando and 
Crane, 1984; Kaunitz et al., 1992; Wolfram et a/., 1986; Heidger et al., 1987a; 
Mullins et al., 1992). The active transport of a substrate, in this case D-glucose, has a 
maximal rate (Vmax) of transport because the transport protein is only able to absorb 
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a finite amount of substrate at a given time. The affinity of the substrate (Km) for the 
transport process is also important because the affinity of the substrate affects the rate 
of transport. 
SGLT I is a member of a family of 12-14 transmembrane domain proteins that are 
divided into facilitative (uniporters) and co-transporters (Turk et al. , 1991 ; Wright et 
al., 1994). SGLT I is composed of 662-665 amino acids, with a molecular weight of 
57 - 63 kDa which increases to 71-73 kDa after glycosylation (Hediger et al. , 
1987a&b; Wright,1994). The SGLTI protein has 14 transmembrane alpha-helices 
each composed of 21 residues (Turk et al., 1997) with a large hydrophilic link 
between transmembranes helices II -12 and small links between transmembranes 3-
4, 5-6 and 7-8 (Wright, 1992; 1993). 
The expression of intestinal mRNA using Xenopus laevis oocytes has shown that the 
SGL T 1 mRNA is present in mRNA throughout the small intestine, but has the highest 
abundance in the jejunum and then the ileum (Hediger et al. , 1987 b; Dyer et a/., 
1997a). These findings correspond to previous observations that the rate of secondary 
active D-glucose transport is highest in the jejunum, then the ileum and finally the 
duodenum (Bluett, 1986; Harig et al., 1989; Mullins et al., 1992). The expression of 
SGLT I can also be altered by a change in diet and in disease (Hirsch eta/., 1996). In 
diabetic rats there was an increase of SGLT I activity due to a specific increase in 
protein expression (Dyer et al., 1997b ), whilst in ruminant sheep the expression of 
SGL T I varied between a number of animals on different diets, with grass consuming 
ruminants having no expression of SGLT I due to little or no production of D-glucose 
27 
INTRODUCTION 
(Rowell et al. , 1997). The ontogenetic development of SGLTI has been shown to 
exhibit prenatal expression (Buddington and Diamond, 1989), with expression and 
transport rates varying in different mammals (Wolfram et al., I 986; Shirazi-Beechey 
et al. , I 989). 
The SGLT1 gene has been mapped to human chromosome 22q I 1-2 by Southern 
blotting and fluorescence in situ hybridisation (FISH) (Hediger et al. , 1989; Turk et 
a/., I 99 I). Furthermore, a single base change of guanine to an adenine at position 92 
has been shown to result in the loss of Na + dependent glucose transport in Xenopus 
laevis oocytes when mutated human mRNA was expressed (Turk et al. , I 99 1 ). 
4.2.1.2 Facilitated carbohydrate transport (GLUT's) 
Within the small intestine are a family of structurally related facilitated transport 
proteins, involved in the facilitated diffusion of carbohydrates. Five facilitated D-
glucose transporters have been localised to erythrocytes (GLUT I), hepatocytes 
(GLUT 2), brain tissue (GLUT 3), muscle fibres (GLUT 4) and enterocytes (GLUT 
5). However all these transporters are present in varying degrees in human small 
intestine (Davidson et al., 1992). 
4.3 Peptide absorption 
4.3.1 Small peptide absorption 
The absorption of short peptides in the jejunum and ileum occurs by an active process 
which displays concentrative accumulation, Michaelis Menten kinetics, inhibition by 
metabolic inhibitors and dependence on a cation gradient (Siamak and Young, I 981; 
Johnson, 1991 ). The structure of the peptide being absorbed is very important, 
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peptides that have an L-isomer structure are absorbed at a higher rate in the jejunum 
than the D-isomer form (Siamak and Young, 1981 ). 
4.3.2 Amino acid absorption 
Free amino acids (basic, neutral and acidic) are absorbed by secondary active 
transport across the brush border membrane. There are a number of transport 
processes involved in the transport of either neutral, basic, acidic amino acids and 
imino acids, with the standard structural configuration for these amino acids being a 
positively charged amino or imino group and the presence of a carboxyl group 
(Munck, 1981; Stryer, 1988). 
In most cases, the amino acid transport processes in the small intestine are dependent 
on the presence of an inwardly directed Na +gradient (Wright et al., 1996). 
However, the intestinal absorption of neutral amino acids, such as leucine, occurs by a 
secondary active transport process which can utilise both Na + and K+ for the active 
transport of amino acids (Sacchi and Perego, 1994). The active transport of glutamate 
is an electrogenic process with respect to Na+ and uses K+ or H+ for counter transport 
(Wright et al., 1996: Castagne et al., 1997, 1998). For the absorption of one molecule 
of glutamate, two Na + are transported into the enterocyte, with one K+ or H+ being 
transported out (Wright et al., 1996). 
4.4 Lipid transport through the brush border membrane and enterocyte 
The majority oflipids are absorbed in the upper jejunum of the small intestine, but the 
ileum is also important in lipid absorption (Booth et al., 1961 ). Most studies indicate 
that digested lipids pass through the border membrane by simple diffusion (Ahrens 
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and Borgstrom, 1955;Tso and Balint, 1986). However, some data indicate that there 
could be carrier-mediated transport of lipids, with the transport of unbound oleic acid 
being shown to demonstrate saturation kinetics (Prieto eta!. , 1996). 
4.4.1 Lipid transport through the cytoplasm of intestinal enterocytes. 
Lipid transport in the liver and intestine has been shown to occur by means of fatty 
acid binding proteins, such as Y, Y' and Z in the liver (Takikawa et a!. , 1992). These 
binding proteins have molecular weights of 15 kDa (127-134 amino acids) and are 
members of the family of fatty acid binding proteins identified in the heart and 
adipocyte (Green et al., 1992; Richieri, 1992). 
Sequence analysis of the ileal fatty acid binding protein has revealed that it has the 
same sequence (Stengelin eta!., 1996) as the proposed ileal bile acid binding protein 
present in the cytoplasm of terminal ileal enterocytes (Vodenlich eta!., 1991 ; Gong 
eta!., 1994; Lin eta!., 1991; Stengelin eta!. , 1996). 
After entry into the enterocytes, fatty acids and 2 monoglycerides are re-synthesised to 
triglycerides (Voet and Voet, 1995), which produces a concentration gradient for 
more free fatty acids and 2 monoglycerides to diffuse through the brush border 
membrane into the enterocyte (Stryer, 1988). 
4.4.2. Formation of chylomicrons 
During passage through the enterocytes the absorbed lipids combine together to form 
chylomicrons which are re-synthesised by means of agranual endoplasmic reticulum 
(ER). Triglycerides join with phospholipids, cholesterol and fat soluble vitamins in 
the formation of chylomicrons, which are about 750-SOOOA in diameter and exist as 
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an emulsion within enterocytes. The newly synthesised chylomicrons pinch off from 
the ER and proceed through the Golgi apparatus and eventually fuse with the 
basolateral plasma membrane of the epithelial cell. Chylomicrons are absorbed into 
the intestinal lymphatic vessels and transported through the thoracic duct into the 
blood (Thomson and Dietschy, 1981 ). 
In normal faeces less than 6 gm of fat are excreted a day, with an excess of 6 gm 
being defined as steatorrhea. In steatorrhea, the amount of faecal fat is roughly 
proportional to the amount of dietary fat, but more is formed from free fatty acids, 
with very few short chain and medium chain fatty acids being reabsorbed (Davenport, 
1975). 
4.5 Vitamin absorption 
As previously described, fat soluble vitamins (A, D, E and K) are passively absorbed 
through the brush border membrane. However, water soluble vitamins are too 
hydrophilic to diffuse through the hydrophobic membrane, so a number of transport 
processes are used for the absorption of hydrophilic vitamins. 
In humans, lower primates, and guinea pigs, vitamin Cis actively absorbed by aNa+ 
dependent co-transport process present in the ileum (Rose, 1981 ). Secondary active 
transport processes for biotin, thiamine, inositol and nicotinic acid are present in the 
jejunum. Folic acid, pyridoxine and p-aminobenzoic acid (PABA), are absorbed by 
passive and facilitated diffusion (Rose, 1981 ). 
In the stomach, vitamin B 12 forms a complex with an R protein, which is degraded 
by pancreatic enzymes in the small intestine. The released B 12 vitamins bind to an 
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intrinsic factor (IF) (Ramasamy et al., 1989; Neal, 1990) and the complex is then 




5. Functional characteristics of bile acid transport in the gastrointestinal system 
To ensure sufficient concentrations of bile acids for lipid digestion, all mammals 
synthesis their own bile acids in the liver, and subsequently reabsorb them in the 
small intestine. 
5.1 Synthesis of bile acids 
Bile acids are synthesised in the liver from cholesterol (figure 5.1 ), by the action of 
7a hydroxylatase (cyp7) which hydroxylates the cholesterol nucleus, followed by 
oxidation of the cholesterol side chain and addition of a carboxyl side chain (Dowling 
and Murphy, 1996). The cyp7 enzyme can be inhibited by bile acids so thereby 
allowing regulation ofbile acid synthesis. Furthermore, the abundance of this enzyme 
has been shown to be substrate dependent, with up regulation of the cyp7 mRNA 
being observed after an increased concentration of cholesterol was fed to mice 
(Torchia et al., 1996). Two main bile acids are produced from cholesterol; cholate 
and chenodeoxycholate. Cholate can react with the amino groups of glycine or taurine 
to produce the conjugated trihydroxy bile acids glycocholate and taurocholate 
respectively (Hofmann, 1991; Morsiani et al., 1998). An alternative pathway of bile 
acid synthesis also occurs in the liver. It begins with oxidation of the cholesterol side 
chain and ends with hydroxylation of the nucleus producing monohydroxy bile acids, 
such as lithocholate (Dowling and Murphy, 1995). 
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Figure 5.1, Bile acid synthesis Cholesterol 
OH 
Trihydroxycoprostanoate 
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Primary bile acids can become metabolised to secondary bile acids by the action of 
bacteria within the small intestine and colon. Bacteria initially deconjugate and 
dehydroxylate bile acids, which can be followed by dehydration, dehydrogenation and 
epimerisation resulting in the formation of a large number of secondary bile acids 
(Dowling and Murphy, 1996; Benson et al., 1993). 
Bile acids have a large number of different structures, which can have an effect on 
their chemical properties. Bile acid solubility is decreased by both nuclear and side 
chain substitutions, whilst ionisation affects the pKa. The pKa of the majority of bile 
acids is around 5.0, with the addition of amino acid groups such as glycine or taurine 
lowering these values to around 2.4 and 0 respectively. The pKa for taurocholate is 
low due to the extremely acidic nature of the sulphonic group (Hofinann and Roda, 
1984). 
5.2 Enterohepatic circulation (EHC) 
The enterohepatic circulation of bile acids involves their circulation from the liver to 
the small intestine, back to the liver by the hepatic portal vein, followed by re-
secretion into the bile ( Fujii et al., 1989; Hofinann et al. , 1991 ; Lillienau et al. , 1991 ; 
Bahar and Stolz, 1999). Bile (containing primary and secondary bile acids) is 
synthesised in the liver and then secreted into the gall bladder, with ingestion of a 
meal and the presence of bile acids in the liver stimulating the flow of bile into the 
gall bladder and the release of its contents into the duodenum (Davenport, 1975; 
Lillienau eta!. , 1991 ). 
Bile acids are transported through the brush border membrane of intestinal 
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enterocytes by passive and active transport processes, where they pass through the cell 
and leave the basolateral membrane via a Na + independent transport system. The 
active transport process on the basolateral membrane has been proposed to be an 
anion exchanger (Weinberg et al., 1986), with a 40 fold higher affinity for bile acids 
than the brush border membrane transport process (Simon eta!., 1990). 
5.3 Bile acid transport within the liver 
5.3.1 Bile acid transport through the sinusoidal membrane 
Transport of bile acids from the blood through the sinusoidal membrane into 
hepatocytes occurs by a Na + dependent transport protein, with the inwardly directed 
Na+ gradient being maintained by a Na+/K+ ATPase present on the sinusoidal 
membrane (Frimmer and Ziegler, 1988). The Na+ dependent transport process 
displays competitive inhibition, Michaelis Menten kinetics, is inhibited by anionic 
transport inhibitors and is an electroneutral transport process (Von Dippe et al., 1986; 
Frimmer and Ziegler, 1988; Hagenbuch et al., 1991 ). The Na + dependent co-transport 
protein is a 7-8 transmembrane domain protein, which consists of 1 086 nucleotides, 
with a I. 7 kb mRNA reading frame and a molecular weight of 49 kDa with 5 
glycosylation sites (Kramer et al., 1982; Ananthanarayanan et al., 1988, 1991; Levy 
and Von Dippe, 1989; Hagenbuch eta!., 1990, 1991 ). 
There is some evidence that aNa+ independent transport process is also present on the 
sinusoidal membrane (Frimmer and Ziegler, 1988). In the presence of an outwardly 
directed hydroxyl gradient, cholate uptake displayed concentrative accumulation, 
which indicated that a hydroxyl/cholate exchange mechanism was present on the 
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sinusoidal membrane (Blitzer et al., 1986). A multispecific organic anion transporter 
is also present on the sinusoidal membrane, which mediates the Na + independent 
transport of conjugated and deconjugated bile acids. This transport process is 
temperature sensitive and displays Michaelis Menten kinetics (Kullak-Ublick et al., 
1996). 
In addition to bile acids, organic anions, nonesterified fatty acids and non bile acidic 
cholephils are also taken up by the liver. In most cases these substrates are absorbed 
by Na+ dependent transport systems on the sinusoidal membrane. The molecular 
weight for the bilirubin carrier is 60-55 kDa, whilst the nonesterified fatty acid 
transporter has a molecular weight of 40 kDa (Frimmer and Ziegler, 1988). 
5.3.2 Bile acid transport through the cytoplasm of hepatocytes 
Glutathione S-transferases ( 45-50 kDa) are a family of dimeric proteins (Ya and Y b), 
that have the ability to bind bile acids, with Ya subunit binding bilirubin and 
lithocholate with a very high affinity (Stolz eta!., 1989; Tuchweber et al. , 1996). 
Bile acids are also bound by a 33 kDa Y' bile acid binder protein, which is a member 
of the family of organic acid binding proteins. This family includes a 34 kDa protein 
that binds organic anions and a phenolic steroid sulphotransferase (32.5 kDa) that 
adds sulphate groups to estradiol, oesteron and bile acids at the 3-0H position (Stolz 
eta!., 1989; Tuchweber et al., 1996). Within the liver, fatty acid binding proteins that 
bind bile acids are also present, as mentioned in the previous chapter (Stolz et al. , 
1989; Tuchweber et al., 1996). 
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5.3.3 Bile acid transport through the canalicular membrane 
Transport of bile acids out of the hepatocyte and into the bile duct occurs by 2 
different proteins and is the rate limiting step in bile acid secretion (Sippel et al., 
1994 ). An A TP dependent bile acid transporter (l 00 kDa) has been localised to the 
canalicular membrane, and demonstrates Michaelis Menten kinetics, competitive 
inhibition, and ontogenic development (Ruetz et al., 1987; Adachi et al., 1991; Novak 
et al., 1991; Stieger et al., 1992; Sippel et al., 1990; Gerloff et al., 1998). The bile acid 
canalicular transport protein is proposed to have 12 transmembrane domains and 
belongs to the family of ABC (ATP binding cassette) transporters (Gerloff et al., 
1998). 
Ecto-ATPase is a two transmembrane domain protein, that uses a phosphorylated 
serine and tyrosine at amino acid positions 503 and 488 respectively, to transport bile 
acids (Sippel et al., 1991; 1994). The protein has structural identity to the 
glycoprotein cell adhesion molecule (CAM1 05) and it has been proposed that the 
canalicular ecto-A TPase and the CAM 105 are in fact the same protein (Lin et al., 
1991). 
There is some evidence that a secondary active transport process exists in the luminal 
plasma membrane of rat biliary epithelial cells. Using the rat ileal Na +/bile acid co-
transport protein as a probe, a mRNA of 5 Kb was detected, which was identical to 
the ileal Na +/bile acid co-transport protein (Elsing et al., 1999). 
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5.4 Passive transport of bile acids within the small intestine 
5.4.1 Regional distribution 
The passive diffusion of bile acids, down their concentration gradients, from the 
lumen of the gut into the intestinal enterocyte occurs throughout the small intestine 
(Marcus et a/. , 1991, Stiehl et a/. , 1995). There are two types of passive transport 
processes in the small intestine, ionic and non-ionic diffusion (Dietschy, 1968; 
Wilson, 1981 ). 
5.4.1.1 Ionic Diffusion 
Ionic diffusion involves the transport of conjugated bile acids (Hoffinann and Roda, 
1984 ), though membranes are relatively impermeable to charged molecules so 
conjugated bile acids have a slow rate of diffusion (Dietschy, 1968). Ionic diffusion 
only accounts for a limited amount of bile acid reabsorption for a given length of 
tissue (Wilson, 1981 ). However, over the full length of the small intestine the overall 
contribution of passive transport may be more significant (Dakka eta/. , 1995), with a 
higher rate of passive diffusion in the terminal ileum due to the higher cholesterol-to-
phospholipid ratio of the ileal brush border membrane (Aldini et al. , 1995, 1996). 
5.4.1.2 Non ionic diffusion 
Non-ionic diffusion involves the transport ofunionised bile acids, which penetrate the 
brush border membrane faster than ionised forms. However, nearly all bile acids in 
the proximal small intestine are conjugated. Therefore, non ionic diffusion does not 
occur to a significant amount in the jejunum, but within the ileum and colon there is 
an increased concentration of deconjugated bile acids leading to highly efficient non 
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ionic diffusion (Dietschy, 1968; Aldini et al. , 1992; Aiso et al., 1996). Deconjugated 
bile acids have been shown to cause a secretory effect on the ileum and jejunum, 
which can reduce active transport of nutrients in the small intestine (Berant et al. , 
1988; Fasano et al., 1994) and can lead to dose dependent mucosal damage 
(Armstrong et a/.,1994). 
5.4.1.3 Effect of the structure of bile acids on passive diffusion 
The permeability coefficients of protonated and ionised monomers are related to the 
number of hydrogen bonds that particular bile acids form in water, with a decreased 
permeability for each additional group added to the bile acid molecule. Protonated 
monomers have a higher rate of diffusion (Schiff et al., 1972; Krag and Phillips, 
1974) and deconjugated bile acids are more permeable than conjugated, though 
glycine conjugates possess a higher permeability than taurine (Wilson and Treanor, 
1975). 
5.5 Active transport of bile acids within the small intestine 
The low uptake of conjugated bile acids by passive transport mechanisms necessitates 
the existence of another transport system that reabsorbs the abundant conjugated bile 
acids, in order to maintain efficient enterohepatic circulation. 
5.5.1 Regional distribution of active bile acid transport 
Initial experiments, using everted intestinal sacs, showed that conjugated bile acids 
were only transported against their concentration gradients in the ileum (Lack and 
Weiner, 1961; Holt et al., 1964; Wilson and Treanor, 1979; Rouse and Lack, 1979). 
Furthermore, ileal transport of trihydroxy and dihydroxy bile acids (after correction 
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with the passive penneability values) exhibited a hyperbolic function representative 
of a carrier mediated transport system, whilst the jejunum displayed a linear 
relationship typical of passive transport (Schiff et al., 1972). These early experiments 
seemed to indicate that an active transport process was present in the ileum of 
mammals, which was involved in the reabsorption of bile acids at a higher rate than 
that observed for the passive diffusion of conjugated bile acids. 
The isolation of brush border membrane vesicles (BBMV) from the small intestine 
enabled further investigation of the mechanisms of active transport of bile acids, 
offering the opportunity to study properties of the transport process under controlled 
conditions without interference from intracellular metabolism (Louvard et al., 1973; 
Schmitz et al., 1973; Shirazi-Beechey et al., 1990). In most cases the uptake of a 
radiolabelled bile acid into BBMV was measured by use of a rapid filtration 
technique. 
Using BBMV, active transport of bile acids was found to be temperature dependent, 
with a reduction in temperature to 4°C reducing the rate of active bile acid transport to 
that observed with passive diffusion. Furthennore, bile acid reabsorption in the ileum 
displayed concentrative accumulation and competitive inhibition between different 
bile acids (Wilson and Treanor, 1975; Lack et al., 1977, Lucke et al. , 1978; Beesley 
and Faust, 1979; Schwenk et a/.,1982, 1983; Sorscher et al., 1992; Stiehl, 1995). 
More recent work has shown the intestinal bile acid transport process to be bi-
directional. The Na+/bile acid co-transport protein was able to actively transport bile 
acids out of oocytes expressing the transport protein (Weinman et al., 1998). 
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Therefore, experiments using BBMV and isolated gut tissue indicated that a 
secondary active bile acid transport mechanism was present in the small intestine, but 
restricted to the terminal ileum. 
However, expression of the Na +I bile acid co-transport protein in Xenopus laevis 
oocytes by injection of mRNA isolated from the duodenum, jejunum and ileum of 
adult pigs, all led to the expression of Na.,. -dependent bile acid uptake. This uptake 
was inhibited by the presence of taurodeoxycholate, and possessed similar transport 
affinities to the native brush border transporter. Therefore, it appeared that mRNA 
encoding the active bile acid transport protein was present throughout the small 
intestine, whilst the transport protein itself was found to be restricted to the ileum of 
adult pigs indicating post-transcriptional regional regulation (Mullins et a!. , 1992). 
These findings are supported by the observation that secondary active bile acid 
absorption extends to the jejunum in the sheep (Wolffram et al. , 1988). 
5.5.2 Cation dependency of active bile acid transport 
In bile acid transport, Na + plays an important physiological role, with a 6-7 fold 
increased rate of ileal taurocholate uptake in the presence of Na + compared to uptake 
in the absence of a cation gradient (Holt, 1964; Gallagher et al., 1975; Lucke eta!. , 
1978; Bessely and Faust, 1979; Schwenk et al. , 1983; Kramer et al. , 1982; 1994; 
Mullins et al., 1992; Dawson et al. , 1994). 
To determine whether the active transport of bile acids was coupled to the flow of 
Na +, the cellular electrochemical potential was manipulated by the addition of 
monactin. This led to an increase in cation permeability of the membrane, which 
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prevented the concentrative accumulation of bile acids indicating the disruption of the 
active transport mechanism. This observation provided strong evidence for a co-
transport system between Na+ and bile acids, with Na+ being essential for the active 
re-absorption of bile acids (Holt, 1964; Lucke eta!. , 1978). 
The addition of valinomycin can also alter the membrane potential by causing an 
increased membrane permeability to K+. In ileal BBMV treated with valinomycin, the 
presence of an inwardly directed Na + gradient and an outwardly directed K+ gradient, 
enhanced taurocholate uptake 1.4 fold . This finding not only indicated that an 
increase in electrical potential across the brush border membrane can enhance Na + 
dependent bile acid uptake (Lucke et a!., 1978), but also indicated a role for K+ in 
bile acid absorption. 
Investigations of the cation dependency of the Na+/ bile acid co-transport protein have 
been influenced by the early cation dependence experiments, that determined the bile 
acid transport protein could only use Na+ for secondary active transport (Lack and 
Weiner, 1961; Holt et a!., 1964; Wilson and Treanor, 1979; Rouse and Lack, 1979). 
The majority of studies investigating the cation dependency of the Na +/bile acid co-
transport protein were limited in terms of the experimental conditions tested, only 
replacing Na+ with one other cation, usually K+, and noting the resulting decrease in 
the transport rate. However, the few experiments that have investigated a wider range 
of cations have shown increased bile acid uptake in the presence of K+ when 
compared to other cations such as Li+, Rb +, and Cs + (Lucke et al. , 1979, Wilson 
1981 ). Furthermore, investigation into the regional distribution of the Na +/bile acid 
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co-transport protein showed that within the ileum the rate of taurocholate uptake in 
the presence of K+ was higher when compared to uptake rate in the jejunum and 
duodenum (Kramer et a/. , 1992). However, this observation was not discussed in the 
paper and Kramer and his colleagues determined that the Na +/bile acid co-transport 
protein could only use Na + for secondary active transport. Therefore, the cation 
dependency of the intestinal bile acid transport needs further investigation. 
5.5.3 Na+/K+ ATPase present on the basolateral membrane 
The electrochemical Na + gradient that enables the active transport of bile acids is 
maintained by active extrusion of the cation across the basolateral cell membrane 
with energy derived from ATP hydrolysis by anNa +/K+ A TPase (Wilson and Treanor, 
1975, 1979; Reymann et a/. , 1989; Clausen, 1998). Abolishment of the A TPase, by 
the addition of ouabain, had the effect of reducing the rate of taurocholate transport to 
passive diffusion levels due to the depletion of the inwardly directed Na + gradient. 
This indicated that the active bile acid transport system in the ileum was operating by 
indirect energetic coupling to the cell metabolism via the establishment of the 
transmembrane Na+ gradient (Schwenk eta/., 1983). 
5.5.4 Stoichiometry of bile acid transport 
The discovery of a secondary active bile acid transport process which was reliant on 
an electrochemical gradient of Na+ lead to the investigation of whether the system 
was electrogenic, like Na+ dependent D-glucose transport, or electroneutral. 
In Na +dependent D-glucose transport, the anion coupled to Na + can have an effect on 
the rate of D-glucose transport, with the replacement of chlorine with more permeable 
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anions leading to an increased rate of D-glucose absorption (Kimmich, 1981 ; Wright, 
1994; Mullins eta/. , 1992). Taurocholate uptake in rat ileal BBMV was increased by 
the presence of more permeable anions, which indicated that N a+ dependent bile acid 
transport was an electrogenic process, with the negative charge of the bile acid being 
overcompensated by two Na + ions (Lucke et a!., 1978). Furthermore, voltage 
clamping of oocytes expressing the transport protein showed a 3 fold reduction in 
extracellular Na+ producing a negative 52 mV shift of flux voltage which was 
consistent with a 2:1 Na+: bile acid stoichiometry (Weinman et al., 1998). 
In contrast, the replacement of chlorine in guinea pig ileal BBMV, with other anions 
did not effect the Na + dependent transport of taurocholate (Rouse and Lack, 1979). 
These findings were supported in pig and human ileal BBMV, which also showed no 
variation in Na + dependent bile acid transport with the substitution of different 
anions, indicating an electroneutral transport process consistent with a l : 1 transport of 
Na+ and bile acid (Barnard and Ghishan, 1986,1987; Mullins et al., 1992). 
Therefore, at this present time, the stoichiometry of the secondary active bile acid 
transport process is unclear. 
5.5.5 Kinetic analysis of bile acid absorption 
The Na+ dependent bile acid co-transport protein displays Michaelis Menten kinetics, 
with the rate of transport (Vmax) being dependent on the number of hydroxyl groups 
present on the steroid nucleus of the bile acid. The Vmax for trihydroxy bile acids 
were 1543-1906 pmoles/min per em, compared to 114-512 pmoles/min per em for 
dihydroxy bile acids and 45-57 pmoles/min per em for monohydroxy bile acids. The 
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affinity of the bile acids for the transport protein (Km) were found to be dependent on 
conjugation, with conjugated bile acids having Km's of 0.12-0.23 mM compared to 
0.37-0.49 mM for deconjugated bile acids (Schiff et al., 1972). Furthermore, 
decreasing the length of the side chain resulted in an increase in Vmax and Km 
(Marcus et al., 1991 ). 
Expression of pig ileal mRNA in Xenopus laevis oocytes displayed saturation 
kinetics, with a Km of 48 J.!M compared to 40 J.!M for the native protein in pig ileal 
BBMV. Expression of size fractionated pig ileal mRNA also revealed that two 
transcripts encoded the Na +/bile acid co-transport protein. The smaller mRNA 
transcript at 3.8-4.5 kb had a Vmax of 5.1 pmolloocytelhr, whilst the larger transcript 
(11-13 kb) had a Vmax of7.6 pmolloocytelhr. In both cases the Km values were the 
same at 37 - 40 J.!M, which corresponded to the Km observed with unfractionated 
mRNA (Mullins et al., 1992, 1996). Therefore, this finding indicated that more than 
one mRNA transcript codes for the transport protein. 
Kinetic analysis of a eDNA clone proposed to encode the Na +/bile acid co-transport 
protein (when transfected into COS cells) displayed a similar Km to previous findings 
of33J.!M and a very high Vmax of396 pmol I min I mg protein (Wong et al., 1994). 
5.5.6 Carrier-mediated jejunal transport 
It has been suggested for many years now that jejunal absorption of bile acids is too 
high to be accounted for by diffusion alone (Angelin et al. , 1976; Steiger et al., 1984; 
Lewis and Root, 1990). Using perfused guinea pig jejunum, the uptake rates of the 
dihydroxy and trihydroxy bile acids were investigated. Only dihydroxy conjugates 
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demonstrated saturation kinetics and competitive inhibition which indicated two 
transport mechanisms were occurring in gumea ptg JeJunum, carrier mediated 
transport of dihydroxy conjugates (which was independent of Na +) and passive 
transport of trihydroxy conjugates (Amelsberg et al. , 1995). An outward anion 
gradient of bicarbonate ions has also been shown to stimulate absorption of 
taurocholate and taurochenodeoxycholate in rat jejunal BBMV. This anion exchanger 
displays saturation kinetics, substrate specificity and competitive inhibition 
(Amelsberg eta/., 1996). 
5.5.7 Temporal development of active transport 
The development of intestinal secondary active bile acid transport in all species 
matures soon after weaning. In rat ileal BBMV, only the adult rats (21 days old) 
showed an intravesicular accumulation of taurocholate, N a+ -stimulation of 
taurocholate was first observed after 17 days and the first concentrative accumulation 
observed after 18 days, which reached its maximum in adult animals (Moyer et al., 
1986). Furthermore, kinetically viable data was only observed in 3 weeks (Km = 
0.59mM, Vmax = 844 pmollmg protein per 120 seconds) and 6 weeks old rats (Km = 
0.66mM,Vmax = 884 pmol/mg protein per 120 seconds), with the addition of 
methylprendisolone accelerating postnatal development (Barnard and Ghishan, 
1985; 1986). 
However, in neonatal and newly born pigs (no older than 12 hours), Na+ dependent 
bile acid transport was demonstrated throughout the small intestine, which was lost 
after 12 hours. Active transport was only regained after weaning (30 day old pigs) and 
47 
INTRODUCTION 
then appeared to be restricted to the ileum (Buddington and Puchal Personal 
Communication; Buddington and Diamond, 1989). 
Ontogenic development corresponded to an increase in mRNA encoding the Na +/bile 
acid co-transport protein from 14 to 28 day old rats. No mRNA coding the secondary 
active transporter was detected in 7 day old rats (Schneider et al., 1995). These 
findings suggest that developmental regulation of the active transport protein occurs 
at the transcriptional level. 
It has been proposed that an observed change in the villi during weaning could have 
some effect on secondary active bile acid transport. The development from weaning 
to adult, in rabbits, resulted in an increase in villus height, width and number of villi 
per unit serosal length and a decrease in membrane fluidity (Thomson et al. , 1987). 
Active taurocholate uptake was first observed in 21 day old rabbits (start of weaning) 
and reached its maximum after 35 days, with a reduction of membrane fluidity 
observed over this time period (Schwarz et al., 1989, 1990). However, in rats no 
significant changes in membrane fluidity were observed, leading to the conclusion 
that changes in microvillus membrane fluidity were unlikely to modulate the postnatal 
development of active ileal bile acid transport (Heubi et a!. , 1985; Heubi and 
Fellows, 1990). 
5.5.8 Substrate regulation of active transport 
The abundance of transport proteins present in the brush border membrane can be 
regulated by alterations in the concentration of substrate. In rats, the ileal Na +/bile 
acid co-transport protein and mRNA (5Kb) encoding the Na+/bile acid co-transport 
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protein was increased by the addition of taurocholate and cholate (Stravitz et al. , 
1996; 1997; Nowicki et a/., 1997), with similar findings being observed with the 
liver Na +/bile acid co-transport protein (Higgins et al., 1993). Glucocorticoids also 
increased Na+ dependent taurocholate uptake, from 148 pmol/mg prot at 30s in the 
control group to 264 pmol/mg prot at 30s in the steroid injected rats. 
However, other studies have shown that the abundance of the transport protein was 
down regulated in the presence of increased substrate. The down regulation of the 
protein has been proposed to decrease intestinal absorption of bile acids during 
cholestasis (a disease of the liver), thereby protecting hepatocytes against further bile 
acid accumulation and cell damage (Lillienau, 1993; Torchia et al., 1996; Sauer et al. , 
1996). The addition of taurocholate and cholesterol have been shown to decrease the 
levels of mRNA encoding the Na+/bile acid co-transport proteins (Torchia et al., 
1996). 
However, it has also been shown that a change in the local bile acid concentration can 
either up or down regulate the number of bile acid carriers in the distal ileum (Van 
Tilburg et al., 1990). More recent work, has shown that there is no increase or 
decrease in the number of bile acid transport proteins, in the ileum or the liver, after a 
decrease in the concentration of taurocholate (Sauer et al., 2000). Therefore, the 
effects of substrate concentration on the abundance of the transport protein is still 
unclear. 
5.5.9 Steroid recognition binding sites on the transport protein 
The Na +/bile acid co-transport protein has a specific structure, which will only allow 
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certain configurations of bile acids to be transported. The Na +/bile acid co-transport 
protein has a cationic binding site and an anionic binding site, which bind the 
negatively charged bile acid and the positively charged cation respectively (Lack et 
al., 1977; Wilson, 1981). The cationic site consists of positively charged lysine 
amino groups, which bind the negatively charged bile acid. The anionic site is 
composed of negatively charged cysteine residues that bind the positively charged 
cation (Hardison et al., 1991; Kramer et al., 1993a, 1994). 
Using rabbit BBMV the chemical groups proposed to be involved in bile acid binding 
to the Na+/bile acid co-transport protein, were modified using a range of chemicals. 
Only the modification of thiol groups and amino groups on the transport protein, 
especially cysteine and lysine, prevented secondary active uptake of taurocholate. 
Therefore, from these findings it was deduced that the positively charged lysine 
amino group on the transport protein was involved in the binding of the negatively 
bile acid and the negatively charged cysteine residue binds the positively charged 
cation (Hardison et al., 1991; Kramer et al., 1992). 
To enable the bile acid to bind, it requires the presence of a negative charge on the 
bile acid side chain and at least one hydroxyl group in positions 3,7, or 12 on the 
steroid nucleus (Hardison et al., 1991; Kramer et al., 1993a, 1994; Swaan et al., 
1997). The presence of 2 hydroxy groups at positions 3, 7 and 12 are optimal for 
absorption, whilst the addition of a third hydroxy group decreased affinity 
(Baringhaus et al., 1999; Kramer et al., 1999). The addition of a small peptide to the 
3 position of the steroid nucleus was shown not to effect the Na+ dependent uptake of 
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these modified bile acids, as long as the peptide chain was below 10 amino acids. 
Therefore, the ileal bile acid transport system has been proposed as a possible 
mechanism for the transport of small peptide drugs (Kramer et al. , 1993, 1994). By 
coupling together two bile acid analogues via a spacer, then a potent inhibitor of the 




6. Molecular characteristics of the Na +/bile acid co-transport protein in the small 
intestine 
6.1 Photoaffinity labelling of the Na+/bile acid co-transport protein 
The first attempts at finding the size of the Na +/bile acid co-transport protein involved 
photoaffinity labelling methods, using photolabile bile acid derivatives. A synthetic 
bile acid 7,7-azo-taurocholate (TC) was used to determine whether the bile acid was 
transported by means of the same transport system as natural bile acids. The rate of 
7, 7 -azo-TC uptake was stimulated two fold in the presence of an inwardly directed 
Na+ gradient, with competitive inhibition of taurocholate uptake in the presence of 
7, 7 -azo-TC. These findings indicated that the natural and synthetic bile acids were 
sharing a common transport mechanism, proposed to be the ileal Na+/bile acid co-
transport protein (Burckhardt et al., 1983a & b). 
Photoaffinity labelling of rat ileal BBMV with 7,7-azo-TC resulted in the 
incorporation of radioactivity into several polypeptides, with the molecular weights of 
125, 99, 83 and 43 kDa. The 99 kDa polypeptide was the most prominently labelled, 
whilst photoaffinity labelling of rat jejunal BBMV resulted in the labelling of 
polypeptides with the apparent molecular weights of 125, 94, 83, and 43 kDa. 
Analysis by SDS-P AGE indicated an increased incorporation of radioactivity into the 
99 kDa polypeptide when compared to the 94 kDa polypeptide, so it was proposed 
that the 99 kDa polypeptide identified in rat ileal BBMV was the polypeptide 
involved in Na+ dependent bile acid transport (Kramer et a/.,1983; Montagnani et 
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al. , 1996). Antibodies raised against the 99 kDa protein, which inhibited Na + 
dependent taurocholate uptake, detected a 99 kDa protein in rat ileal and kidney bru h 
border membranes, but not the jejunum and liver (Kato et ai. ,Per onal 
communication; Burckhardt et al. , 1987; Gong et al. , 1991 ). The 93 kDa protein 
detected in the jejunum has been proposed to be the carrier mediated Na + independent 
transporter of bile acids (Kramer et al. , 1993a). 
The incorporation of 7, 7 -azo-TC into the basolateral membrane vesicles, the cytosolic 
fraction and mitochondria of rat BBMV, resulted in the labelling of polypeptides with 
different molecular weights. For the basolateral membrane, the greatest incorporation 
of radioactivity was seen in polypeptides with the molecular weights of 54 and 59 
kDa (Lin et al., 1988). Again, in the BBMV a 99 kDa polypeptide was labelled, 
whilst a 20 kDa polypeptide was labelled in the mitochondria fraction. The cytosolic 
fraction had the greatest incorporation of radioactivity, with the labelling of 
polypeptides with molecular weights of 14, 35, 43 , 59 and 68 kDa, with the 68 and 43 
kDa polypeptides being identified as albumin and actin respectively. The e findings 
confirmed that the molecular weight of the transport protein present in brush border 
membrane was 99 kDa, and that the transport of bile acids across the brush border 
and basolateral membranes was mediated by different proteins. Furthermore, the 
study revealed the presence of previously unrecognised polypeptides, a 20 kDa 
microsomal and 14 and 35 kDa cytosolic proteins which appeared to be involved in 
the transcellular movement of bile acids (Lin et a/., 1990). The 99 k.Da brush border 
membrane protein had the highest initial labelling rate, followed in descending order 
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by the 43 kDa actin, 35 and 14 kDa cytosolic proteins, 54 kDa and 59 kDa ba olateral 
membrane proteins (BLM), and finally the 20 kDa microsomal protein (Stolz et 
a/,.1989) . Based on these findings in rats and rabbits, Lin et a/ ( 1993) proposed a 
general model for the transcellular movements of conjugated bile acids in ileal 
enterocytes. According to this model, bile acids were taken across the brush border 
membrane by a 99 kDa Na + dependent active transport system. Once across the bru h 
border membrane, bile acids were transported via actin ( 43 kDa protein) or the 14 and 
35 kDa cytosolic proteins either to a microsomal 20 kDa protein or directly to the 
basolateral membrane. Bile acids could be transferred to the 59 kDa basolateral 
membrane - associated protein before they exited from the cell via the 54 kDa integral 
BLM protein (Lin et a/., 1993; Kramer et a!., 1993b & c, 1994). The use of 
intracellular transport proteins to move bile acids through the cytoplasm has recently 
been supported but the types of proteins involved in the intracellular movement have 
yet to be established (Agellon and Torchia, 2000). 
To investigate the possibility of the formation of complexes containing more than one 
Na +/bile acid co-transport protein, the protein was subjected to target inactivation 
analysis by high-energy electrons. The molecular weight of the whole arrangement 
was 451 ± 35 kDa, which indicated that at least four 93 kDa Na +/bile acid co-
transport protein could make up the functional bile acid transporter. Photoaffinity 
labelling of radiation-inactivated vesicles revealed a biphasic inactivation of labelling 
for the 93 kDa and 14 kDa protein, determining the target size of 229 ± 23 kDa for 
the 93 kDa protein and 132 ± 23 kDa for the 14 kDa protein. The functional 
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molecular size for the Na+/bile acid co-transport system, indicated that it wa a 
homotetramer composed of four 93 ± 14 kDa subunits, (Kramer et al, I 995b). Using a 
synthetic dimeric bile acid analogue, the transport of bile acids in the homotetramer 
was inhibited (Kramer, 1996). 
6.1.1 Ileal Cytosolic bile acid binding protein 
The 14 kDa polypeptide, first observed by Lin et al. , (I 988), was initially identified as 
gastrotrophin (Vodenlich et al., I 991; Kramer et al. , 1993), though later studies 
renamed it the ileal bile acid binding protein (Gong et al. , I 994). The bile acid 
binding protein has been proposed to be a member of the family of fatty-acid binding 
proteins because it consists of 128 amino acid residues with 4 exons and 3 introns, 
which have the same organisation as other members of the fatty-acid binding family 
(Green et al., 1992; Oelkers & Dawson, 1995; Stengelin et al. , I 996). However, other 
studies have proposed that the 14 kDa cytosolic bile acid binding protein is related to, 
but distinctly different from, the liver and intestinal fatty acid binding proteins (Lin et 
al., 1991 ). The cystolic transport protein has been mapped to chromosome 5 and 
exhibits post-weaning development (Gong et al., 1996; Hwang et al. , 2000). 
6.2 Sequence analysis of the Na +/bile acid co-transport protein 
Sequencing of the ileal Na +/bile acid co-transport protein has revealed a protein with 
a different molecular weight to that identified by photoaffinity labelling and western 
blotting. Sequencing of a hamster eDNA clone proposed to encode the Na +/bile acid 
co-transport protein (ISBT), revealed a protein of 348 amino acids with a molecular 
mass of 37 kDa, and three potential N-linked glycosylation sites. Comparison of the 
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distribution of IBAT mRNA revealed a single mRNA of approximately 4kb wa 
readily detected in hamster ileum, kidney and weakly in jejunum but none in the 
duodenum or liver (Wong et a/., 1994), although comparison of protein and nucleic 
acid data bases revealed that the hamster IBAT was 35% identical and 63% similar to 
rat LBA T (liver bile acid transporter). The 4 kb mRNA coincides with the expression 
of a 3.8 - 4.5 kb mRNA identified in oocyte expression studies (Mullins eta/., 1992). 
The identification and isolation of the hamster ileal Na +/bile acid co-transport protein 
(ISBT) allowed the subsequent isolation of the rat and human ISBT eDNA by PCR. 
Sequence analysis of the clone isolated from rat eDNA revealed a protein of 348 
amino acids with a molecular mass of 38 kDa, which when fully glycosylated 
increased to 48 kDa, by virtue of two potential N-linked glycosylation sites. 
Comparison of amino acid sequences of the rat ileal Na +/bile acid co-transporter with 
the rat basolateral bile acid transporter and hamster ISBT revealed 37 and 88% 
identity (64 and 95% similarity) respectively (Hagenbuch et a/. , 1991 ; Wong et 
a/., 1994 ). The isolated human eDNA also encoded a protein of 348 amino acids but 
with 1 potential N linked glycosylation sites, which shared 84% identity with the 
hamster ISBT (Dawson and Olelker, 1995). After transfection into COS cells, the 
hamster (ISBT) and human (HISBT) had a taurocholate uptake rate of 77 pmol min-1 
mg protein-1 and 24 pmol min-1 mg protein-1 respectively (Dawson and Wong, 1994) 
and were able to transport both conjugated and deconjugated bile acids with a higher 
affinity (Km) for dihydroxy bile acids than trihydroxy (Craddock et al., 1998). 
Northern blot analysis, using the hamster eDNA clone, detected 5kb bands in the 
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ileum, kidney, caecum and proximal colon, with a faint signal in the liver and 
jejunum. Western blotting detected a range of polypeptides (48, 75, 92 and 130 kDa) 
in ileal brush border membrane proteins, with the 48 and 92 kDa proteins being the 
most easily detected. Purification by SDS-PAGE and re-analysis by Western blotting 
did not result in the formation of the 92 kDa from the 48 kDa by dimerisation or the 
breakdown of the 92 to the 48 kDa (Schneider et al. , 1995). However, more recent 
work has determined that the 90-99 kDa protein is the dimer of the 46 kDa 
monomeric protein (Sauer eta/., 2000). 
The human ileal Na+ bile acid co-transporter gene has been localised to autosome 
l3q33 (Dawson and Wong, 1995; Wong et al., 1996). However, the gene which 
encodes the hamster Na+/bile acid co-transport protein has been localised to 
chromosome 8 (Lammert et al., 1998). Sequencing of the bile acid transport protein 
has led to the identification of mutations that abolishes transport activity. In a patient 
with Crohn's disease, a single C toT transition in the region encoding amino acid 290 
resulted in a proline to serine substitution which prevented bile acid uptake (Wong et 
a/., 1995). An inherited mutation has been detected in the ileal Na +/bile acid co-
transporter that disrupts normal enterohepatic circulation and that may be responsible 
for some cases of bile acid malabsorption observed in familial hypertriglyceridemia 
(Love et al., 1996). In addition, primary bile acid malabsorption (PBAM) has been 
attributed to a defective ileal Na +/bile acid co-transport protein. A patient with PBAM 
demonstrated a mutation on one allele (where AAgt was replaced with Cctt) and two 
missense mutations, which abolished taurocholate transport in COS cells (Dawson 
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and Oelkers, I 996; Oelkers, 1997, 1998). 
6.3 Functional expression of the Na +/bile acid co-transport protein 
The functional expression of size fractionated pig ileal mRNA by X enopus faevis 
oocytes resulted in the expression ofNa+ dependent taurocholate uptake by mRNA of 
two different sized transcripts, which indicated another possible link between the two 
different molecular weight proteins identified by photoaffinity labelling and 
sequencing. The smaller 3.8-4.5 kb mRNA was consistent with the 4 and 5 kb mRNA 
bands identified on Northern blots (Schneider et a!. , 1995) and is likely to represent 
the 37 kDa protein. However, a 1.5-3.0 kb sized transcript ofmRNA has been shown 
to encode the 33-35 kDa Na+ dependent bile acid transporter in hepatocytes 
(Hagenbuch et al., 1990, 1991 ). The larger ll-13 kb mRNA identified on Northern 
blots of intestinal mRNA (Hagenbuch et al., 1991) and expressed in oocytes (Mullins 
et al., 1992) remains uncharacterised. The larger transcript may correspond to the 90-
99 kDa protein identified by photoaffinity labelling, or it may code for the smaller 35-
40 kDa protein along with a long untranslated region (Mullins et al., 1996). 
Recent studies into the distribution of ISBT mRNA, has shown that highe t 
concentration of mRNA encoding the hamster ileal Na +/bile acid co-transport protein 
is detected l-4cm before the ileocecal valve, with the concentration decreasing 
proximally and distally (Stelzner et a/. ,2000). 
6.4 Predicted transmembrane arrangement of the N a+ !bile acid co-transport 
protein 
The N a+ /bile acid co-transport protein was initially predicted to be composed of seven 
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transmembrane domains (Wong et a/.,1994; Dawson and Wong, 1995; Oelker et 
al., 1997), with transmembrane domains 2, 3 and 4 showing the greatest sequence 
homology between different transport proteins (Dawson and Oelkers, 1996). 
However, In vitro translation of segments of the human ileal Na +/bile acid co-
transporter and hydropathy analysis showed the presence of eight membrane insertion 
domains (Hallen et al., 1996). Further modelling of the Na +/bile acid co-transport 
proteins present in the liver, intestine and kidney have indicated that the transport 
proteins have 9 transmembrane domains with an exoplasmic N terminus and a 
cytoplasmic C terminus (Hallen et al., 1999), which coincides with the observation 
that the protein has an odd number of transmembrane domains (Bayle et al., 1997). 
Therefore, from the translation data it has been determined Na+/bile acid co-transport 
protein has between seven to nine transmembrane domains (Oelkers et al. , 1997). The 
cytoplasmic tail of the ileal Na +; bile acid co-transport protein has been hown to be 
important in the insertion of the transport protein into the brush border membrane. 
Removal of the cytoplasmic region of the protein abolished Na+ dependent 
taurocholate uptake and also prevented the protein from becoming embedded into the 
membrane. However, removal of the cytoplasmic region from the liver Na +I bile acid 
co-transport protein (which is present in the basolateral membrane ofhepatocytes) did 
not result in a significant decrease in taurocholate uptake and the protein was 
embedded normally. Therefore, it was concluded that the C terminus of the ileal Na +; 
bile acid co-transporter was important for the protein to be embedded into the brush 
border membrane (apical membrane) in particular (Sun eta!., 1998). 
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6.5 Objectives of this study 
6.5.1 Background to intestinal bile acid transport 
6.5.1.1 Cation dependency of bile acid transport 
Previous investigations into the cation dependency of the N a+ I bile acid co-tran port 
protein have determined it to be strictly dependent on the presence of Na + to enable 
secondary active transport of bile acids (Lack and Weiner, 1961 ; Holt et al. , 1964; 
Wilson and Treanor, 1979; Rouse and Lack, 1979). However, more recent work has 
shown that other transport process previously determined to only use Na +, can in fact 
use other cations. 0-glucose transport protein (SGLT1) can utilise H+ for secondary 
active transport, with the SGLTl having a higher affinity for H+ than for Na+(Wright 
et a/. , 1994) . Investigation into amino acid transport has also revealed that these 
transport proteins can utilise a wide range of cations for secondary active transport. A 
group ofNa+ and K+ dependent transporters have been identified which are invol ed 
in the transport of glutamate and neutral amino acids (Hediger et al., 1995). A metal 
ion transporter has also been identified in the intestine of rats, which are able to utilise 
h . 2+ 2+ 2+ C 2+ N·2+ d b2+ · t e cations Fe , Zn , Mn , o , 1 an P (Gunshm et al. , 1997). Therefore 
the observations that other transport proteins, which were initially determined to be 
strictly dependent on Na +, could utilise other cations for secondary active transport 
indicated that secondary active intestinal transport of bile acids could probably occur 
using other cations. 
6.5.1.2 Molecular characteristics of the Na +/bile acid co-transport protein 
Recent work into the molecular characteristics of the transport protein has produced a 
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wide range of conflicting data. Photoaffinity labelling of the transport protein 
revealed a protein with the molecular weight of 90-99 kDa (Kramer et al. , 1983; 
Kramer et a/, 19958; Montagnani et a/., 1996) whilst equence analysis of the 
transport protein revealed a protein of 38 kDa (Wong et al., 1994; Schneider et a/. 
1995). Furthermore, computer modelling of the ileal Na +/bile acid co-tran port 
protein produced conflicting data, with the possibility that the transport protein could 
have between 7-9 transmembrane domains (Dawson and Oelkers, 1996;0elkers et al., 
1997; Hallen et a/. , 1999). Therefore, further investigation into the functional and 
molecular characteristic of the gene that encodes the Na +/bile acid co-transport is 
required. 
6.5.2 Objectives of the study 
l) To investigate the cation dependency of the pig ileal Net /bile acid co-transport 
protein. This was achieved by: 
• Investigation into regional distribution of the ileal Na +/bile acid co-transport 
protein using BBMV and Xenopus laevis oocytes. 
• Determination of the effects of abolishing either the cation or taurocholate 
gradients on taurocholate uptake in the presence of a range of cations, usmg 
BBMV. 
• Inhibition of taurocholate transport by another bile acid in the presence of a range 
of cations, using BBMV and Xenopus laevis oocytes. 
• Determination of Krn and Vmax for taurocholate transport by the Na +/bile acid 




Xenopus laevis oocytes. 
Investigation into the temperature sensitivity of the transport protein u mg 
BBMV. 
• Determination of the stoichiometry of the transport process using BBMV. 
• Investigation into whether the size or charge of the cation is important m 
taurocholate transport, using BBMV. 
• Hybrid arrest of the pig ileal Na+/bile acid co-transport protein by the hamster 
Na +/bile acid co-transport protein, to determine whether the same transport 
protein was utilising the same cations, by using Xenopus laevis oocytes. 
2) Determination of the sequence of the pig ileal Na +/bile acid co-transport protein 
and its structural arrangement within the membrane. This was achieved by: 
• Designing primers complementary to the Na +/bile acid co-transport protein to 
isolate the region of DNA that encoded the transport protein. 
• Amplification of the region of DNA encoding the Na+/bile acid co-transport 
protein by polymearase chain reaction (PCR). 
• Determination of whether the isolated PCR product encoded the Na +/bile acid co-
transport protein, by hybrid arrest of the pig ileal Na +/bile acid co-transport 
protein using the isolated PCR product. 
• Cloning of the region of DNA encoding the Na +/bile acid co-transport protein and 
sequencing of the gene 
• Computer modelling of the nucleotide sequence to determine the structural 
arrangement of the transport protein in the membrane. 
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CHAPTER SEVEN: 
7.1 MATERIALS 
7.1.1 Removal and storage of intestinal tissue 
Duodenal, jejunal and ileal tissue was removed from adult pigs within 3 minutes 
of death, to prevent degradation of the tissue. The first metre after the pyloric 
sphincter was taken as the duodenum. The metre immediately prior to the ileo-
caecal valve was used as the ileum, and a metre of small intestine mid-way 
between the duodenum and ileum was taken as jejunum. The sections were 
removed and cut into segments 10 em in length. They were flushed with ice-cold 
0.9% (w/v) NaCl (pH 7), cut open longitudinally and washed again with the 
saline. The segments were wrapped in aluminium foil and dropped in liquid 
nitrogen. They were kept at - 70°C until use. 
It has been shown that results obtained from material stored in this way were 
similar in terms of N a+ -dependent D-glucose and taurocholate transport to tho e 
obtained with fresh material (Mullins et al., 1992) 
7.1.2 Radioisotopes 
14C D-glucose (297mCi/mmol) and 14C methyl-a-D-glucopyranoside 
(293mCi/mmo1) were purchased from Amersham International, Buckinghamshire, 
England and were diluted as required. 
3H-[G]-taurocholate (250mCi/mol) was purchased from New England Nuclear 
Corporation, and diluted as required. 
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7.1.3 Chemicals 
Unless otherwise stated, the chemicals used in the experiments were purchased 
from Sigma or BDH. For molecular biology work, all the chemicals were 
purchased from Sigma's molecular biology range. 
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7.2METHODS 
7 .2.1 The isolation and characterisation of brush border membrane vesicles 
(BBMV) 
7.2.1.1 Isolation of Brush Border Membrane Vesicles (BBMV) 
To allow the characterisation of the transport processes in the pig small inte tine, 
the brush border membrane was separated from the rest of the enterocyte. 
The method was as described by Shirazi-Beechey et al.( 1990). A section of pig 
small intestinal tissue (about 10 g) was removed from duodenum, jejunum or 
ileum. The frozen section was weighed and defrosted slowly on ice in I 00 ml of a 
hypotonic buffer (I 00 mM mannitol, 2 mM HEPESfrris, pH 7.1 ). The tissue was 
homogenised by an Ultra Turrax homogeniser (T25 basis, Labortechnik), which 
separated the epithelial cells from the underlying muscle. Homogenisation of the 
tissue was carried out in 5-10 second intervals until all the lumps of the tissue had 
been removed, The homogenate was then filtered through a Buchner funnel (2 mm 
pore size) to remove any large remaining fragments of tissue and muscle. An 
aliquot of the homogenate was removed and stored in liquid nitrogen, to be used 
later for assay of protein and marker enzyme activities. 
To the remaining tissue, 10 mM MgCh was added. The tissue was mixed 
thoroughly on ice (using a magnetic stirrer) for 30 minutes, and then centrifuged 
(Europa 24, MSE) at 2500 xg for 20 minutes at 4°C. The resulting pellet contained 
the contaminating organelles, such as mitochondria, Golgi bodies and 
endoplasmic reticulum. The supernatant (containing the brush border membrane 
and basolateral membrane) was further centrifuged at 30,000 xg for 30 minutes at 
4°C. The brush border membrane pellet was resuspended in 25 ml of a buffer 
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containing 100 mM mannitol , 0.1 mM MgS04, 2 mM HEPES!fris, pH 7.4. The 
suspension was centrifuged for a further 30 minutes at 30,000 xg and the final 
brush border membrane pellet was resuspended in 2.0 m1 of a isotonic buffer (300 
mM mannitol, 0.1 mM MgS04, 20 mM HEPES/Tris, pH 7.4) . Pa sing the 
suspension of brush border membranes (BBM) through 23.4 and 25 gauge B-D 
microlance needles aided the formation of brush border membrane ve icle 
(BBMV). Aliquots of BBMV were snap frozen in liquid nitrogen, and were then 
stored in liquid nitrogen until use. 
7.2.1.2 Experimental conditions for BBMV pre-loaded with either 
taurocholate or a cation 
For the experiments involving loaded vesicles, the final BBMV fraction wa 
resuspended in either 100 mM NaCl, 100 mM KCl, or 100 ~ taurocholate, 
corrected to 340 mOsM by the addition of the appropriate concentration of 
mannitol and the pH fixed by addition of 20 mM Tris, pH 7.4. 
For bi-directional experiments, the BBMV were pre-loaded with 100 1-1M 3H 
taurocholate (37 Kbq) 300 mM mannitol, 0.1 mM MgS04 , 20 mM HEPES!fri 
pH 7.4. 
7.2.1.3 Electron microscopy of brush border membrane vesicles 
To determine if the brush border membranes had formed vesicles after snap 
freezing in liquid nitrogen, the membrane preparations were examined by electron 
microscopy. 
The BBMV were resuspended in either an isotonic mannitol buffer (300 mM 
mannitol, 0.1 mM MgS04, 20 mM HEPES/Tris, pH 7 .4) or distilled water. The 
BBMV were loaded onto colodain counted grids (stabilised with carbon) and were 
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then stained with 2% sodium phosphotungstate (pH 6.8). The BBMV were 
examined in an electron microscope (Jeol 1 OOS) and a photograph was taken at 
40,000 x magnification. 
7.2.1.4 Protein Assay 
The protein concentration of both the BBMV and the homogenate was assayed, in 
order to determine enzyme activity and rates of D-glucose and taurocholate 
transport. 
The protein assay method was adapted from Lowry ( 1951 ). Bovine serum albumin 
(2 mg/ml) was used as the standard and diluted with water to give a range from 0-
600 J..Lg/ml. Triplicate samples of homogenate and BBMV (5 and 10 Jll) were 
diluted to 1.0 ml with distilled water. 
To each tube, 5.0 ml of alkaline copper reagent was added. Alkaline copper 
reagent was freshly prepared with 50 parts of solution A (2% NaC03 (w/v), 0.1 
mM NaOH) to 1 part of solution B (0.5% CuS04 (w/v), 1% (w/v) sodium 
tartrate). The tubes were mixed thoroughly and allowed to stand at room 
temperature for 10 minutes. 500 Jll of Folin Ciocalteu reagent (Sigma) was added 
to each tube and the tubes left at room temperature for 30 minutes. Absorbance 
was measured in a spectrophotometer (Unicam 8625 UV/vis) at 750 nm versu a 
reagent blank. 
7.2.1.5 Enzyme Assays 
To ensure that the isolated BBMV were sufficiently enriched with mainly the 
brush border membrane, marker enzyme assays were carried out on the BBMV 
and the homogenate. The enzyme activities of the different marker enzymes were 
compared in the BBMV and the homogenate. 
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7.2.1.5.1 Alkaline Phosphatase 
The activity of alkaline phosphatase was measured using the protocol described by 
Shirazi et a/., ( 1981 ). For both the homogenate and BBMV, a protein 
concentration range of 15-30 !J.g was needed. 50 !J.l aliquots of the diluted 
homogenate and BBMV were alkalinised by the addition of 450 !J.l of a carbonate 
buffer (I 00 mM Na2C03 I Na2HC03, 0.1 mM MgS04, pH l 0). The reaction was 
then started by the addition of 500 !J.l of 10 mM 4-nitrophenol phosphate (Sigma) 
made up in the same carbonate buffer. The tubes were incubated at 25°C for 1 o 
minutes and the reaction stopped by the addition of 500 !J.l of 500 mM NaOH, and 
the absorbance was read in a spectrophotometer (Unicam 8625) at 41 0 nm against 
a reagent blank. The rate of reaction was measured by the formation of free 4-
nitrophenol. By using the molar extinction coefficient for 4-nitrophenol of 17,000 
1/mol/cm the enzyme activity could be expressed in Jlmol product formed/min/mg 
protein. 
7.2.1.5.2 Sucrase/ isomaltase Assay 
The activity of sucrase was assayed by a method described by Dahlqvist, ( 1964). 
Approximately 5 IJ.g of protein (2-5 J.!l ofhomogenate and BBMV) were diluted in 
a volume of 50 !J.l of distilled water. The reaction was started by the addition of 
500 J.!l of incubation buffer (56 mM sucrose, I 00 mM maleate, 0.5 mM NaOH, 
pH 6) and the samples incubated at 37°C in a water bath for 30 minutes. A glucose 
standard (1 00 !J.l of 0.5 mM glucose) was also incubated for 30 minutes at 37°C. 
Placing the samples in boiling water for 2 minutes quenched the reaction. After 
cooling to room temperature, 1.5 ml of freshly prepared glucose oxidase 1 
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peroxidase buffer (500 mM KzHP04/KHzP04, 0.005% (w/v) glucose oxidase, 
0.005% (w/v) peroxidase, 0.1% (w/v) sodium azide, 0.035% (w/v) 
aminophenazae) was added. To each sample, 500 J..ll of 0.1% (w/v) phenol was 
added and the samples incubated in a water bath at 3 7°C for I 0 minutes. 
Absorbance was read at 515 nm against the reagent blank. The enzyme activity 
was expressed in J..tmol glucose/min/mg protein. 
7.2.1.5.3 Succinate Dehydrogenase Assay 
Succinate dehydrogenase was measured by the method described by Pennington 
(1961). Approximately 100 J..tg of protein (50-100 J.!l homogenate or BBMV) was 
used. The reaction was started by the addition of 750 J..ll of 100 mM potassium 
phosphate buffer (100 mM KzHP04/KHzP04, pH 7.4) which contained 100 mM 
sodium succinate, 50 mM sucrose and 0.2% (w/v) p-iodo nitro tetrazolum violet 
(Sigma). The samples were incubated at 25°C for 15 minutes and the reaction was 
stopped by the addition of 750 J..ll of 10% (w/v) trichloroacetic acid. To each 
sample, 3.0 ml of ethyl acetate was added, the samples were mixed thoroughly and 
allowed to stand at room temperature until two distinct layers formed. The ethyl 
acetate layer (top layer) was decanted and absorbance read at 490 nm against the 
reagent blank. By using the molar extinction coefficient for iodo nitro tetrazolum 
violet of 20,100 1/mol/cm, the enzyme activity could be expressed in J.!mol product 
formed/min/mg protein. 
7.2.1.5.4 a-Mannosidase Assay 
The activity of a-mannosidase was assayed according to the method ofTulsiani et 
al., (1977). To approximately 100 J..Lg of protein (50-1 00 J..tl homogenate and 
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BBMV), 500 111 of 100 mM citrate buffer (50 mM sodium citrate/50 mM citric 
acid, pH 4.5) was added. The reaction was started by the addition of 500 111 of 10 
mM 4-nitrophenyl a-D-mannopyranoside (Sigma), prepared in the 100 mM citrate 
buffer. The samples were incubated at 25°C in a water bath for 30 minutes and the 
reaction stopped by the addition of 2.0 ml of 200 mM borate buffer (adjusted to 
pH 9.8 with 2M NaOH). Absorbance was measured at 405 nm against the reagent 
blank. A molar extinction coefficient for 4-nitrophenol of 18,500 1/mol/cm was 
used, allowing activity to be expressed in )lmol product formed/min/mg protein. 
7.2.1.5.5 a-Glucosidase Assay 
The activity of a-glucosidase was determined by the method of Peters ( 1976). 50 
111 of a buffer containing 35 mM Tris/HCl, pH 8 and 50 mM glutathione (reduced 
form) was added to approximately 100 )lg of protein (50-1 00 )ll homogenate and 
BBMV) and the samples were pre-incubated for 15 minutes on ice. The reaction 
was started by the addition of 250 111 of 0.21 mM 4-nitro-a-D-glucopyranoside 
prepared in 100 mM sodium phosphate buffer (50 mM Na2HP04, 50 mM 
NaH2P04, pH 8.0) and 0. I% (w/v)Triton-X-100. The samples were incubated in a 
water bath at 37°C for 60 minutes and the reaction stopped by the addition of 2.0 
ml of 1 M NaOH. The liberation of 4-nitrophenol was measured at 400 nm against 
a reagent blank. A molar extinction coefficient for 4-nitrophenol of I 8,500 
llmol/cm was used, allowing enzyme activity to be expressed in )lmol product 
formed/min/mg protein. 
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7.2.2 Transport of D-glucose and taurocholate into BBMV using the rapid 
stop filtration technique 
The characterisation of D-glucose and taurocholate transport in pig small intestine, 
was carried out by the use of the appropriate radiolabelled substrates. The 
transport of these radio labelled substrates into the BBMV was investigated under 
a range of conditions. 
7.2.2.1 Assay ofNa+ dependent uptake ofD-glucose into BBMV 
Uptake of D-glucose was measured using a filtration stop technique adapted from 
Shirazi-Beechey et al., (1988). Triplicate samples of 15-20 J..Lg of protein ( 10-20 J..Ll 
of BBMV) were incubated in a water bath at 37°C. The assay was started by the 
addition of 100 J..Ll of glucose incubation medium in the presence of Na +, K+ and 
choline (l 00 mM NaCl, KCl or choline chloride, 100 mM mannitol, 100 ~-tM D-
glucose, 20 mM HEPES/Tris, pH 7.4), which contained 100 ~-tM 14C glucose (37 
Kbq). A time period of 10 seconds was used to measure initial rates of transport 
because the rates were linear over this time period. Glucose uptake was stopped 
by the addition of 1.0 ml of ice cold stop solution ( 150 mM choline chloride, 20 
mM HEPES/Tris, pH 7 .4). The BBMV were separated from the incubation 
medium by placing 900 ~-tl of the assay medium onto an acetate/nitrate filter (0.22 
11m pore size (Millipore)) and filtered under vacuum. The filter was then washed 
10 times with 1.0 ml aliquots of ice cold stop solution and placed in 5.0 ml of 
scintillation fluid (Packard Ultima Gold MV). Samples were counted in a 1215 
beta rack scintillation counter (LKB Wallac) for 10 minutes each. 
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Controls were prepared by the addition of 1.0 ml of the ice stop solution to the 
BBMV prior to the addition of the 14C glucose uptake medium. To assay the 
uptake of glucose that was not due to active transport, NaCl was replaced by I 00 
mM KCl or I 00 mM choline chloride in the glucose uptake medium. The 
replacement of Na+ with K+ and choline halted any Na+ dependent uptake that 
required an inwardly directed Na+ gradient. All uptake assays were routinely 
performed in triplicate. The variation was never greater than I 0% of the mean 
value. 
7.2.2.2 Assay of secondary active uptake of taurocholate into BBMV 
The uptake of taurocholate was measured using the filtration stop technique 
developed by Mullins et al., (I 992). The sodium incubation medium routinely 
contained 100 ~ 3H taurocholate (37 kbq), 100 mM NaCI, 100 mM mannitol 
and 20 mM HEPES/Tris, pH 7 .4, with the substitution of NaCI by KCI or choline 
chloride. Triplicate samples of 15-20 J..lg of protein ( 10-20 ~1 of BBMV) were 
incubated in a water bath at 37°C. The assay was started by the addition of l 00 ~ 
of incubation buffer, with a time period of 10 seconds used to measure initial rates 
of transport. The uptake of taurocholate was stopped by the addition of ice cold 
stop solution ( 1 00 mM mannitol, 1 00 mM choline chloride, 20 mM HEPES/Tris, 
pH 7.4). Uptake at zero time was measured by adding the stop solution to the 
BBMV before adding the incubation medium. 
The BBMV were separated from the incubation medium by placing 900 Ill of the 
incubation medium onto an acetate/nitrate filter (0.22 J..lm pore size (Millipore)) 
and filtered under vacuum. The filter was then washed 10 times with 1.0 ml 
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aliquots of ice cold stop solution and placed in 5.0 ml of scintillation fluid 
(Packard Ultima Gold MV). Samples were counted in a 1215 beta rack 
scintillation counter for ten minutes each. 
7 .2.2.3 Further characterisation of secondary active taurocholate transport. 
All the experiments described in this section were carried out using BBMV 
isolated from the pig ileum. Unless otherwise stated, the transport of taurocholate 
into the BBMV was allowed to proceed for 10 seconds. After that time period, the 
experiments were stopped by the addition of 1 ml of ice cold stop solution. The 
experiments then proceeded as described in section 7.2.2.2. 
For experiments using preloaded BBMV, refer to the methods section, the 
isolation ofBBMV (7.2.1.2) which explains how the BBMV were preloaded. 
7.2.2.3.1 Variation of the BBMV intravesicular volume by alterations in 
osmolarity 
To determine if 3H taurocholate was being transported into the BBMV or binding 
to the surface of the BBMV, the intravesicular volumes of the BBMV were 
altered. The BBMV were incubated at 37°C for 2 hours in 6 different incubation 
media varying from 240 to 490 mosM. The incubation media all contained 1 00 
mM NaCl or KCl, 100 ~ 3H taurocholate (37 Kbq) and 20 mM HEPESffris pH 
7 .4, with 0, 50, 100, 150, 200 and 250 mM mannitol corresponding to osmolarity 
concentrations of 240, 290, 340, 390, 440 and 490 mosM respectively. 
7.2.2.3.2 Elimination of secondary active transport by alteration in 
temperature 
The ileal BBMV were incubated at either 15°C, 25°C, or 37°C for 1 hour, to 
determine that temperature at which secondary active bile acid transport ceased. 
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After the incubation period, 1 00 Jll of incubation media ( 1 00 J.!M 3H taurocholate 
(37 Kbq), 100 mM mannitol, 20 mM HEPES!fris pH 7.4 and 100 mM NaCI, KCI 
or choline chloride) was added and uptake was measured after 10 seconds. 
7 .2.2.3.3 Time course for taurocholate uptake into BBMV 
To determine if the ileal BBMV were able to accumulate taurocholate above 
equilibrium, taurocholate uptake was measured over 9 hours. 
The BBMV were incubated at 37°C in 100 )ll of uptake buffer (I 00 mM NaCI, 
KCI or choline chloride, 100 mM mannitol, 20 mM HEPES/Tris pH 7.4, 100 J.!M 
3H taurocholate (37 Kbq)). The reaction was stopped after 0, 5, 10, 20, 30 or 60 
seconds, and after 30, 60, 90, 120, 150, 180, 210, 240, 300, 360, 420, 480 and 540 
minutes. 
7 .2.2.3.4 Inhibition of taurocholate transport by the addition of 
taurodeoxycholate 
For the inhibition studies, 1 mM taurodeoxycholate was added to the standard 
taurocholate uptake medium (100 J.!M 3H taurocholate (37 Kbq), 100 mM 
mannitol, 20 mM HEPES/Tris, pH 7.4). The ileal BBMV were incubated at 37°C 
and taurocholate uptake into the BBMV was assayed in the presence of either 100 
mM NaCI, KCI or choline chloride. 
7 .2.2.3.5 Michaelis Men ten kinetics of taurocholate transport 
For investigations of substrate dependence, the concentration of taurocholate was 
varied over the range I 0-2000 ).1M. Uptake into ileal BBMV was assayed in the 
presence of 10, 20, 50, 100, 200, 500, I 000 and 2000 ~ taurocholate, the 
concentration being fixed by altering the amount of unlabelled taurocholate added. 
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The Michaelis Menten kinetics of taurocholate uptake were also assayed in the 
presence of different cation concentrations. Taurocholate uptake was assayed in 
the presence ofO, 20, 40, 60, 80, 100 and 120 mM of either NaCl or KCI. Varying 
the concentrations of mannitol maintained the standard isotonic osmolarity of 340 
mOsM. 
7 .2.2.3.6 Determination of whether the transport process was electrogenic or 
electroneutral 
For electronegativity experiments, valinomycin (a K+ ionophore) was added to the 
uptake buffer (100 !J.M 3H taurocholate (37 Kbq), 100 mM mannitol, 100 mM of 
NaCI or KCl, 20 mM HEPES/Tris pH 7.4) at the concentration of I IJ.g of 
valinomycin/ I jlg of protein. 
For stoichiometry experiments, I OOmM of NaSCN, NaN03, sodium isethionate, 
sodium glutamate or 100mM of KSCN, KN03, potassium isethionate, potassium 
glutamate was added to the uptake buffer ( 100 llM 3H taurocholate (3 7 Kbq), I 00 
mM mannitol, 20 mM HEPES/Tris pH 7.4). 
7 .2.2.3. 7 The effect of different ionic radii of bile acid transport 
The BBMV were incubated at 37°C in 100 !J.l ofuptake buffer (mannitol, 20 mM 
HEPES/Tris pH 7.4, 100 !J.M 3H taurocholate (37 Kbq)) plus 100 mM ofthe 
respective chloride salt. The reaction then proceeded as previously stated. 
7.2.2.4 Bi-directional transport of taurocholate by the Na +/bile acid co-
transport protein 
Transport studies to determine if the ileal Na+/bile acid co-transport protein was 
able to actively transport bile acids in an outward direction from the BBMV, were 
carried out. The BBMV were preloaded with 100 mM NaCl, KCl, choline 
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chloride or mannitol and 100 JlM 3H taurocholate (37 Kbq), by either 
resuspension of the BBMV with the cations (as previously described) or by 
allowing passive diffusion or secondary uptake of taurocholate into the BBMV. A 
choline chloride based uptake buffer was added to the pre loaded BBMV, to 
facilitate an outwardly directed cation gradient. For the choline chloride loaded 
vesicles, the uptake buffer contained 200 mM mannitol. The reaction was stopped 
after 10 seconds. 
7.2.3 mRNA isolation and characterisation 
7.2.3.1 RNase free environment 
To avoid ribonuclease (RNase) contamination an RNase free environment was 
established and maintained according to guidelines issued by Promega UK. 
Disposable gloves were worn during all procedures involving RNA samples, and 
changed regularly. De-ionised water, which had been pre-treated with diethyl 
pyrocarbonate (DEPC), an RNase inhibitor, was used for the preparation of all 
solutions. A 0.1% DEPC concentration was routinely used except when the buffer 
contained Tris, which deactivated DEPC, when an increased concentration of 1% 
was required. 
Sterile disposable plastic ware was routinely used and any glassware and non-
disposable plasticware was thoroughly washed with 100% (w/v) ethanol and 
RNase zap TM (Ambion) which eliminated ribonucleases from the equipment. 
7.2.3.2 Extraction and purification of RNA 
Within eukaroytes, RNA is primarily produced in the nucleus from DNA. The 
RNA, which is composed oftRNA, rRNA and pre-mRNA, is processed within the 
nucleus and then released into the cytoplasm. Within the cytoplasm the pre-
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mRNA is spliced to remove any introns, which leaves a mRNA consisting of 
exons which is the reading frame fot protein synthesis (Darnell eta!. , 1990). 
Therefore, in order to express the ileal Na +/bile acid co-transport protein, mRNA 
needed to be isolated from the intestinal cells. 
To isolate mRNA, total cytoplasmic RNA initially needed to be isolated. The 
method of RNA extraction was based on that of Chomczynski and Saachi ( 1987). 
Total RNA from 1.5-2 g segments of adult pig duodenum, jejunum and ileum was 
isolated by a single step guanidium thiocyanate/phenol/chloroform extraction 
procedure. The frozen tissue was weighed and returned to liquid nitrogen in order 
to prevent it from defrosting. The tissue was removed from the liquid nitrogen, 
ground into a fine powder and was added to 25 ml of ice cold denaturing solution 
(4.7 M guanidium thiocyanate, 0.74 M sodium citrate, 0.1 M mercaptoethanol) 
and allowed to defrost on ice. The tissue was then homogenised by use of the 
Ultra Turrax homogeniser and the following reagents were added; 2.0 ml of 4 M 
sodium acetate, 20 ml ofwater saturated phenol, 4.0 ml of98% (w/v) chloroform: 
25 % (w/v) iso-amyl alcohol. The contents were thoroughly mixed by inversion of 
the tube and then left on ice for 15 minutes. The homogenate was centrifuged 
(Europa 24, MSE) at 10,000 xg for 20 minutes at 4°C. Separation of RNA and 
DNA occurred, with the denser genomic DNA remaining in the lower phenol-
chloroform layer. The aqueous top layer contained the RNA. A white layer at the 
interface contained cellular protein. The aqueous RNA layer was collected, 
transferred to a sterile tube and an equal volume of isopropanol was added. The 
RNA and isopropanol were mixed thoroughly and placed at -70°C for 2 hours. 
Precipitation of the RNA occurred within this time. 
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On removal, the RNA solution was centrifuged at 10,000 xg for 30 minutes at 
4°C. The resulting supernatant was discarded and the RNA pellet was resuspended 
in 500 f..ll of isopropanol and transferred to 1.5 ml eppendorf vial. The resuspended 
RNA was centrifuged in a microcentrifuge (Denver Instruments) at 7,200 xg for 6 
minutes and the isopropanol supernatant removed. The RNA pellet was 
resuspended in 750 f..ll of isopropanol and centrifuged again at 7,200 xg for 6 
minutes. The supernatant was discarded and the RNA pellet was resuspended in 
500 f..ll of DEPC-treated water and 750 f..ll of 8M LiCl. The suspension of RNA 
was centrifuged at 7,200 xg for 10 minutes. After removal of the supernatant, the 
RNA pellet was again resuspended in 750 f..ll of 8 M lithium chloride and 
centrifuged for a further 10 minutes at 7,200 xg. The supernatant was then 
discarded, the RNA pellet resuspended in 500 f..ll of isopropanol and centrifuged at 
7,200 xg for 6 minutes. The supernatant was removed for a final time and the 
RNA pellet was resuspended in 250-500 f..ll ofDEPC treated water, and was stored 
at -70°C. Purity and yield of the extracted RNA was determined by using a 
spectrophotometer (Unicam 8625 UV/vis) scanning between 230-320 nm. The 
absorbance value at 260 nm was used to calculate the yield of RNA and the ratio 
of absorbance values at 260 nm/280 nm were used to give an indication of RNA 
purity. 
7 .2.3.3 Purification of rnRNA 
Poly(At RNA (mRNA) was isolated using oligo (dT)- cellulose chromatography 
based on the technique described by Sam brook et a/. , ( 1992). To 100 11g of oligo 
(dT) cellulose (Sigma), 1.0 ml of elution buffer (1 mM EDTA, 10 mM Tris/HCI 
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pH 7 .5) was added, mixed thoroughly by inversion, and centrifuged in a 
microcentrifuge (Denver Instruments) at 300 xg for 1 minute. The supernatant was 
removed and 1.0 ml of 1x binding buffer (500 mM NaCl, 1 mM EDTA, 0.5% 
(w/v) SDS, 10 mM Tris/HCl, pH 7.5) was added. The oligo (dT) cellulose was 
centrifuged at 300 xg for one minute, the supernatant removed, and the oligo (dT) 
cellulose pellet was stored on ice. To 250-500 J..Ll of RNA (RNA concentration of 
approximately 2-3 mg), 250-500 J..Ll of 2x binding buffer (1 M NaCl, 2 mM 
EDTA, 1% (w/v) SDS , 20 mM Tris/HCl, pH 7.5) was added and the RNA was 
incubated at 65°C for 5 minutes, to break up any dimers of RNA. The RNA was 
added to the oligo (dT) cellulose pellet, mixed thoroughly, and centrifuged at 300 
xg for 1 minute. The resulting pellet of oligo (dT) cellulose was resuspended with 
the RNA supernatant and centrifuged at 300 xg for 1 minute. This was repeated a 
further 2 times. The supernatant was then removed and incubated for 5 minutes at 
65°C to break up any duplex RNA. The RNA was added back to the oligo (dT) 
cellulose pellet, was mixed thoroughly and centrifuged at 300 xg for 1 minute 
(this was repeated a further 3 times). After the final spin, the supernatant was 
removed, leaving a pellet, containing mRNA bound to the oligo (dT) cellulose. To 
the mRNA/oligo (dT), 1.0 ml of 1x binding buffer was added and the sample 
centrifuged at 300 xg for 1 minute. The supernatant was removed and the 
mRNA/oligo (dT) pellet resuspended in 1.0 ml of washing buffer (1 00 mM NaCl, 
0.1 mM EDTA, 10 mM Tris/HCl pH 7.5) to remove any unbound tRNA and 
rRNA (this was repeated twice). After the final spin, the supernatant (which 
contained the washing buffer) was removed and the mRNA-oligo (dT) pellet was 
resuspended in 500 J..Ll of elution buffer (1 mM EDTA, 10 mM Tris/HCl pH 7.5), 
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which removed the mRNA from the oligo (dT) cellulose. The mRNA-oligo (dT) 
pellet was centrifuged for 1 minute at 300 xg and the supernatant (containing 
unbound mRNA) was removed and labelled as fraction 1 of the mRNA. The 
remaining pellet was resuspended in another 500 J..Ll of elution buffer and 
centrifuged again at 300 xg for 1 minute to produce fraction 2 of the mRNA, this 
was repeated twice more to produce fractions 3 and 4. To the mRNA fractions, 75 
J.11 of 2 M sodium acetate and 1.0 ml of isopropanol were added. The mRNA and 
the above reagents were mixed thoroughly and then refrigerated at -70°C for 2 
hours. 
After this period of time, the mRNA fractions were centrifuged at 7,200 xg for I 0 
minutes resulting in a pooled mRNA pellet. The supernatant was then removed 
and the mRNA pellet was resuspended with 500 J..L1 of isopropanol and centrifuged 
at 7,200 xg for 10 minutes. The supernatant was removed and the mRNA pellet 
was resuspended in 40 J.!l of DEPC treated water and stored at -70°C. Purification 
and yield of the mRNA extracted was determined by using a spectrophotometer 
scanning between 230-320 nm. 
The absorbance value at 260 nm was used to calculate the yield of mRNA and the 
ratio of absorbance value at 260 nm/280 nm to give an indication of mRNA 
purity. 
7.2.3.4 Electrophoretic analysis of RNA 
The method was adapted from Amersham 's website (nucleic acid labelling and 
detection). A 1.2% (w/v) agarose gel (50 ml) was prepared containing 10 ml of 10 
x 3-[N-morpholino]propane sulfonic acid (MOPS) buffer (20 mM MOPS, 8 mM 
Na acetate, 1 mM EDTA, pH 5) and 2.25 ml of 2% (w/v) formaldehyde. A gel 
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loading buffer was prepared containing bromophenol blue (0.05% w/v), xylene 
cyanol (0.05% w/v), glycerol (50% v/v), lOmM EDTA (ethylene 
dismineletraacetic acid), made up to 10 ml in I x MOPS (2mM MOPS, 0.8mM Na 
acetate, O.lmM EDTA, pH 5) buffer. To each RNA sample, 2 !J.l of gel loading 
buffer was added. Each RNA sample contained either 10 IJ.g of total RNA or 10-
20 IJ.g of mRNA, 3.3 !J.l of formaldehyde, 9 !J.l of form ide and 1.8 !J.l of I Ox 
MOPS. The samples were run at 55 volts against a O.I-0.9 Kb RNA ladder 
(Promega) in 100 ml of running buffer containing I x MOPS, until the 
bromophenol blue had migrated to within I em from the end of the gel. The gels 
were stained with ethidium bromide (2 )lg/)ll) overnight in I 00 ml of DEPC 
treated water. 
7.2.4 Expression of mRNA in Xenopus laevis oocytes 
Previous studies have shown that Xenopus laevis oocytes can be used as a protein 
expression system. The injection of mRNA into the cytoplasmic pole of the oocyte 
can lead to the translation of the mRNA to its corresponding proteins. 
7.2.4.1 Microinjection of Xenopus laevis oocytes 
Xenopus laevis oocytes were microinjected according to the procedure described 
by Colman (1986). 
A mature female Xenopus laevis was buried in ice for an hour. The toad was then 
killed by a sharp blow to the head and the anterior part of the head was 
immediately removed. The toad's abdomen was cut open and the ovaries were 
removed. Individual oocytes were manually dissected and the follicular layer 
removed. The excised oocytes were maintained in a modified Barth's solution (88 
mM NaCI, 1 mM KCI, 2.4 mM NaHC03, 15 mM HEPES, 0.3 mM Ca(N03)2, 
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0.41 mM CaCh, 0.82 mM MgS04, pH 7.6 1 M NaOH). After an overnight 
incubation, healthy stage V-VI oocytes were selected and microinjected according 
to the procedure described by Colman ( 1986). 
To ensure an RNase free environment, the microinjection equipment (World 
Precision Instruments) was cleaned using RNAse Zap ™. A glass capillary was 
heated and pulled into a fine needle and the capillary filled up with mineral oil. 
The capillary was then inserted onto the microinjection needle and an air tight seal 
was formed by the application of silicon grease. 
The capillary was then washed out with RNase zap ™ followed by 0.1 % DEPC 
water to ensure a RNase free environment. Using the glass capillary the mRNA 
was drawn into the capillary and the capillary c.ould then be used to inject mRNA 
into the oocytes. 
Oocytes were injected with 40-50 ng (in 46 nl) of either total mRNA into the 
cytoplasmic pole of the oocytes. Control oocytes were injected with 46 nl of 
DEPC treated water. Oocytes were cultured for 4 days at 20°C with a daily change 
of modified Barth's solution. 
7.2.4.2 Hybrid arrest of the translation of pig ileal mRNA by hamster ileal 
eDNA 
The hybrid arrest studies were carried out using the method described by St 
Germain (1990). In the hybrid arrest studies, 2 !J.g of mRNA was added to 4 IJ.g of 
hamster ileal bile acid co-transporter eDNA (kindly donated by Paul Dawson), in a 
total reaction volume of 8 !J.l containinglOO mM NaCl, 10 mM Tris/HCl, pH 7.5. 
The hybridisation mixture was incubated at 70°C for 5 minutes to break up any 
duplex mRNA and then 55°C for 20 minutes to allow the DNA to anneal to the 
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mRNA. The mixture was then rapidly cooled on ice. For the negative control, 
mRNA was incubated in 100 mM NaCl, 10 mM Tris/HCl, pH 7.5, without any 
DNA. Oocytes were injected with 46 ng of either mRNA or mRNA/cDNA and 
were cultured for 4 days at 20°C with a daily change of modified Barth's solution. 
For positive control experiments, Na+-dependent hexose uptake was determined 
using 100 JlM methyl-a-D- 14C glucopyranoside (Amersham, 37 KBq), in the 
presence ofNa +, K+ and choline. 
7 .2.4.3 Assay of taurocholate transport into oocytes 
In order to dispel any Na+ or K+ gradients the oocytes were incubated in a choline 
chloride based Barths solution (92.93 mM choline chloride, 15 mM HEPES/Tris, 
pH 7.6) for 1 hour at 30°C. 
To measure Na+-dependent taurocholate uptake, oocytes were incubated for 1 hour 
at 30°C in 500 J..ll of uptake medium consisting of the conventional NaCl based 
Barths solution (89 mM NaCl, 2.4 mM NaHC03, 15 mM HEPES/NaOH (pH 7.6), 
0.3 mM Ca(N03)2, 0.41 mM CaCh, 0.82 mM MgS04) along with 1.25 J.l} of 3H 
taurocholate (37 Kbq) and 100 J.lM unlabelled taurocholate. For uptake in the 
presence of a K+ gradient, the experiment was carried out in the same way, but 
with a solution containing 89mM KCl, 2.4mM KHC03, 15mM HEPES/KOH (pH 
7.6), 0.3mM Ca(N03)2, 0.41mM CaCh, 0.82mM MgS04. For uptake in the 
presence of choline, an uptake solution containing 92.93 mM choline chloride, 
15mM HEPES/Tris (pH 7.6) was used. 
Uptake was stopped by the addition of 5 ml of ice-cold stop solution composed of 
the choline chloride Barths solution, with the addition of I mM unlabelled 
taurocholate, added in order to reduce non-specific binding of radiolabelled 
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taurocholate. Oocytes were washed a further four times in 5 ml of cold stop 
solution. Individual oocytes were dissolved in 20 J.Ll of formic acid, 4 ml of 
scintillation fluid added, and the radioactivity associated with each oocyte counted 
in a liquid scintillation counter (Wallac LKB). 
For the taurocholate kinetic experiments, taurocholate concentrations ranging 
from 10 - 500 J.LM were used. The mRNA-injected and water-injected oocytes 
were assayed in the presence of NaCI, KCl and choline chloride with a 
taurocholate concentration of either 1 0, 20, 50, 1 00, 200 or 500 J.LM of unlabelled 
taurocholate, with each solution containing 37 KBq of 3H taurocholate. 
To determine the Michaelis Menten kinetics of taurocholate uptake in the presence 
of different cation concentrations, taurocholate uptake was assayed in the presence 
of 0, 20, 40, 60, 80 and 100 mM of either NaCl or KCl and 15 mM HEPES/Tris 
p.H 7.6. Varying the concentrations of choline chloride maintained the standard 
molarity of 107.93 mM. 
Competitive inhibition studies were carried out in the presence of Na+, K+ and 
choline uptake buffers plus 1 00 J.!M taurocholate or 100 J.!M taurocholate and 1 
mM taurodeoxycholate. 
For each of the above experiments, mRNA-induced taurocholate uptake in the 
presence of each cation was determined by the rate of taurocholate uptake in 
water-injected controls being subtracted from those injected with mRNA. 
Furthermore, to determine bile acid transport in the presence of Na+ and K+, 
uptake rates for taurocholate transport in the presence of choline were subtracted 
from taurocholate uptake in the presence ofNa+ and K+. 
84 
MATERIALS AND METHODS 
7.2.5 Isolation and characterisation of genomic DNA from pig ileum 
7 .2.5.1 Isolation of pig ileal genomic DNA 
The isolation of pig ileal DNA was adapted from the method of Herrington and 
McGee,(1992). The DNA was isolated for use in Polymerase Chain Reaction 
(PCR) experiments. 
Pig ileum (0.5 g) was ground into a fine paste under liquid nitrogen, in order to 
isolate the genomic DNA by the disruption of the plasma and nuclear membranes 
of the intestinal cells. The pig ileum was not homogenised using an Ultra Turrax 
because this process tends to shear the DNA (Herrington and McGee, 1992). The 
DNA was added to 2.5 ml of extraction buffer (300 mM Sodium acetate, 50 mM 
EDTA, pH.7.5). 
To the DNA/extraction buffer, 17.5 ml of hot phenol extraction buffer (7.5 ml of 
extraction buffer, 0.5% sodium sarcosine, 10 ml of buffer saturated phenol, pH 8) 
was added after the phenol was heated to 65°C. The DNA and phenol were mixed 
until an emulsion formed and was then allowed to settle at room temperature for 5 
minutes. The DNA was then centrifuged (Europa 24, MSE) at 3500 xg for 5 
minutes. After centrifugation, 10 ml of chloroform: isoamyl alcohol was added and 
the sample was mixed for 5 minutes at room temperature. 
The DNA was then centrifuged (Europa 24, MSE) at 3500 xg for 6 minutes in 
order to separate the aqueous and protein phases. The aqueous and protein phases 
were then collected using a wide-bore pipette and added to 10 ml of 
chloroform:isoamyl alcohol. After mixing at room temperature for 5 minutes the 
DNA/chloroform was centrifuged (Europa 24, MSE) at 3500 xg for 5 minutes. 
After centrifugation the aqueous phase was transferred to a fresh tube, 10 ml of 
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chloroform:isoamyl alcohol was added and the sample was spun at 3500 xg for 5 
minutes. The aqueous phase was again removed, added to 1 0 ml of 
chloroform:isoamyl alcohol, and centrifuged at 3500 xg. After centrifugation the 
aqueous phase was removed and added to an equal volume of isopropanoL The 
DNA and isopropanol were mixed until the DNA precipitated, the sample was 
then centrifuged at 3500 xg for 5 minutes in order to pellet the DNA. 
After the supernatant was discarded, the DNA pellet was re-suspended in 1 ml of 
isopropanol and transferred to an eppendorf. The DNA was then centrifuged 
(Denver Instruments Microcentrifuge) at 3500 xg for 1 minute. The supernatant 
was then discarded and the DNA pellet was resuspended in 500 ).11 of DEPC 
treated water. 
The absorbance value at 260 nm was used to calculate the yield of genomic DNA 
and the ratio of absorbance value at 260 nm/280 nm to give an indication of DNA 
purity. 
7.2.5.2 Electrophoretic Analysis of Genomic DNA 
In order to determine if the isolated genomic DNA was intact, electrophoresis of 
DNA was carried according to the method of Sambrook et al., 1989. If the DNA 
needed to be isolated from the agarose gel to be used in other experiments, such as 
PCR and sequencing, then a Tris/EDTA and glacial acetic acid buffer (T AE 
buffer) was used. If the DNA run in the gel was not required for further use, then a 
Tris/EDT A and boric acid buffer (TBE) was used. The reason for using a TBE 
buffer for standard gel electrophoresis was because this buffer can be re-used and 
has a better buffering capacity (Sambrook et al., 1989). However, the presence of 
borate ions within the buffer can be detrimental to enzymes used for DNA 
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isolation from the agarose. Therefore, for PCR products, a T AE DNA gel was 
used because these products could then be excised from the gel for possible 
cloning and sequencing. 
7.2.5.2.1 TBE electrophoresis of genomic DNA 
The method was adapted from Sambrook et al., 1989. A 1% (w/v) agarose gel 
(50 ml) was prepared containing 0.5 x TBE (45 mM Tris, 45 mM EDTA, 1 mM 
EDT A, pH 8.0). A gel loading buffer was prepared containing bromophenol blue 
(0.25% w/v) and 40% (w/v) sucrose. To each DNA, 4 J..Ll of gel loading buffer was 
added. Each DNA sample contained 10-20 J..Lg of genomic DNA. The samples 
were run at 60 volts against a 0.5-10 kb DNA ladder (Sigma), in 100 ml of 
running buffer containing 0.5 x TBE until the bromophenol blue had migrated to 
within 1 em from the end of the gel. The gels were stained with ethidium bromide 
(2)lg/)ll) overnight in 100 ml ofDEPC treated water. 
7 .2.5.2.2 T AE electrophoresis of genomic DNA 
The methodology for electrophoresis of the DNA was the same as above. 
However, the 1 % agarose gel was made up in 1 x T AE ( 40 mM Tris, 1 mM 
EDTA, 40 mM glacial acetic acid, pH 8.0). The DNA running buffer was also at 
the concentration of 1 x T AE. 
The percentage concentration (w/v) of agarose was altered depending on the 
weight of the DNA. If the DNA products were of a similar size then a higher 
percentage agarose gel (about 3%) would be used to allow distinction between the 
similar sized DNA. 
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7.2.6 Restriction digest of genomic DNA 
To determine which restriction enzymes should be used to cut the genomic DNA, 
a range of restriction enzymes were tried. The method was adapted from 
Sambrook et al., (1989), with specific alterations in relation to the restriction 
enzyme used. 
To 1 J,tg of genomic DNA a given volume of water was added, to make up a final 
volume of 18J,tl. 
Three restriction enzymes were then used to digest the DNA: 
Hind III (concentration of 1 unit/Ill) 
The Hind III (Sigma) enzyme recognises the sequence AI AGCTT . 
The enzyme was supplied with a 10 x stock of restriction buffer, which had to be 
diluted to a 1 x concentration. Therefore, to the genomic DNA 2J,tl of 10 x 
restriction buffer was added to give the final concentration of a 1 x buffer (250 
mM NaCI, 0.1 mM EDTA, 1.0 mM dithierythritol, 50% (v/v) glycerol, 10 mM 
Tris/HCl pH 7.5). One unit of enzyme was required to completely digest 1J,tg of 
DNA, therefore 1 J,tl of enzyme was added to the genomic DNA. 
Sal I (concentration of 1 unit/Ill) 
The restriction enzyme Sal I (Sigma) recognises the sequence G/TCGAC . To the 
genomic DNA, 2 J,tl of 10 x restriction buffer was added to give a final 
concentration of 100 mM NaCI, 10 mM MgClz, 1 mM dithioerythritol, 50 mM 
Tris/HCl pH 7.5. One unit of enzyme was added to digest 1 J,tg of DNA. 
Eco RI (concentration 1 unit/11J.l) 
The enzyme Eco RI (Appligene) recognises the sequence GAATT/C. To the 
genomic DNA, 2 J,tl of 10 x restriction buffer was added to give a final 
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concentration of 100 mM NaCI, 10 mM MgC12, 10 mM 2-Mercaptoethanol, 10 
mM Tris/HCI pH 8.0. One unit of enzyme was added to digest 1 J.tg of DNA. 
After the addition of the above restriction enzymes the sample of genomic DNA 
was incubated at 37°C overnight. After the overnight incubation, the reaction was 
stopped by addition of 10 mM EDT A. The digested DNA was run on a I% TBE 
agarose gel at 60 volts for one hour, against a 0.5-10 kb DNA ladder and 
undigested genomic DNA. 
7 .2. 7.1 Design of PCR primers 
PCR primers were designed to enable isolation of the particular region of DNA 
that encodes the pig ileal Na+lbile acid co-transport protein. Using the nucleotide 
sequences for the ileal Na + !bile acid co-transport protein obtained for hamster, rat 
and human, the homologous regions between these mammals were identified. 
The nucleotide and amino acid sequences of the hamster, rat and human ileal Na+ 
dependent bile acid transport protein were obtained from the EMBL database. 
Using CLUSTALW software, the amino acid sequence for the bile acid transport 
proteins from the above mammals were compared. Comparison of the amino acid 
sequences revealed four regions of particularly high homology between the 
transport proteins from the three species. Two regions were proximal to the N 
terminus of the protein and two regions were proximal to the C terminus of the 
protein. 
Comparison of the nucleotide sequence for these conserved regions revealed that 
the nucleotide sequences which code for these conserved amino acids, altered 
slightly between species, due to different nucleotide triplets encoding the same 
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amino acid (Stryer, 1988). Therefore, for the primer design the nucleotides that 
were conserved between the majority of three mammals were used. 
In order to produce a double stranded DNA template from PCR, forward and 
reverse primers are required. The forward primer anneals to the N terminus coding 
region of the DNA template whilst the reverse primer anneals to the C terminus 
coding region ofthe DNA template. To enable the amplification of both strands of 
DNA, the forward and reverse primers had to be complementary to either the 
sense or antisense DNA strands. The forward primer was designed to be 
complementary to the N terminus coding region of the 3'-5' antisense DNA, 
whilst the reverse primer was complementary to the C terminus of the 5'-3' sense 
DNA strand. 
Using a range of internet primer design software sites (EMBL PcRimer; 
Info.Med.Yale.Edu, Biochem.UCL, Alkami Biosystems), the proposed primers 
were examined to determine if they were suitable for use in PCR. The annealing 
temperatures, GC ratios and ability to form hairpins or self anneal was analysed. 
To ensure that both primers were able to anneal to the DNA within the same PCR 
reaction, their annealing temperatures needed to be between 55-75°C and within a 
range of 4-6°C. The annealing temperatures of the primers were calculated using 
the following equations (Alkami Biosystems, Inc): 
For Primers below 20 bp in length: [4(G+C) + 2(A+T)]-5°C 
For Primers above 20 bp in length: 62.3°C +0.41 °C (%0-C)- 500/length 5°C 
By testing the proposed primers in this way, it was determined that the reverse 
primer (primer 4) temperature was too low. To produce sets of primers with 
similar temperature ranges, nucleotides can be added to the primer with the lower 
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annealing temperature. Therefore, to the reverse primers (primer 4), 3 adenosine 
nucleotides were added to the 3' region of the primer, which had the effect of 
increasing the annealing temperature (Info. Med.Yale.Edu). 
The primers also had to have a G/C (guanine/cytosine) and a purine/pyrimidine 
ratio of 40-60%. For one of the reverse primers (primer 4) the purine/pyrimidine 
ratio was below 40%, so a string of adenosine (purines) were added to the 3' end 
of the reverse primer which also had the effect on increasing the purine/pyrimidine 
ratio (Info. Med.Yale.Edu). 
To ensure that the PCR transcripts transcribed from the pig ileal DNA encoded a 
functional protein, the PCR primers were required a start codon (A TG) and a stop 
(A TT) codon. One of the reverse primers (primer 4) already contained a stop 
codon because this primer corresponded to the very end (3 ') of the C terminus. 
The conserved regions towards the N terminus of the protein did not extend to the 
5' end of the protein reading frame, so therefore did not include the start codon. 
Therefore, forward primer 1 had an artificial start codon added to the primer 
sequence, which would allow the PCR product to be used in a expression system 
(Biochem.UCL). 
The nucleotide sequences of the forward and reverse primers were then examined 
to ensure that the primers were not complementary to each and so would not 
anneal to each other. To prevent any self annealing of the primers, (primer/dimer 
formation), a GC clamp was added to the 5' end of all four primers, which 
consisted ofGGCGC (Biochem.UCL). 
7.2.7.2 Annealing temperature, concentration and sequence of primers 
For Primers with the GC clamp 
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Primer 1: Forward primer 
5' GGCGCATGGAGAGCAACTTCAA T 3' 
Optical density: 12.31 Molecular weight: 7471.6 Jlg/Jlmole nmol: 46.7 
Annealing temperature 52. 7°C 
Primer 2: Forward Primer 
5'GGCGCATCCTGTTGGCCTTGGTG3' 
Optical density: 12.06 Molecular weight: 7452.6 Jlg/Jlmole nmol: 52.2 
Annealing temperature 56.74°C 
Primer 3: Reverse Primer 
5 'GGCGCTCCATGACA TTTCTTGTA 3' 
Optical density: 11.64 Molecular weight: 7379.6 Jlg/Jlmole nmol: 48.7 
Annealing temperature 57.3°C 
Primer 4: Reverse Primer 
5' GGCGCCTACTTCTCATCTGGTTGAAA 3' 
Optical density: 13.19 Molecular weight: 8362.2 Jlg/Jlmole nmol: 48.3 
Annealing temperature 54.8°C 
The primers were made by MWG Biotech and all four primers had to be 
reconstituted within a given volume ofTE buffer (1 mM EDTA, 10 mM Tris/HCl 
pH 8.0} to give a desired stock concentration of 100 J.!M. Therefore, 466 Jll, 482 
J.!l, 522 J.!l and 487 )ll ofTE buffer was added to primers 1, 2, 3 and 4 respectively. 
After the addition of the TE buffer, the primers were allowed to dehydrate for 2 
minutes and were then vortexed for 15 seconds. The primers could then be stored 
at -20°C for six months. 
To determine if the dilution of the pnmers had resulted in the correct 
concentration, the optical densities of the primers were measured. To a final 
volume of 1000 Jll of water, 5 )ll of each primer was added and the absorbance 
was read at 260 nm. Using the absorbance reading at 260 nm and a mM extinction 
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coefficient for the each of the purine and pyrimidine bases, the final concentration 
for each of the diluted primers was calculated. 
7.2.8 DNA amplification by the polymerase chain reaction (PCR) 
Using the designed primers, PCR was carried out on total genomic DNA isolated 
from pig ileum. PCR was also carried out on plasmid DNA that encoded only for 
the hamster ileal Na +/bile acid co-transport protein that was the positive control 
for the PCR reaction. A negative control for the PCR reaction was carried out, 
using plasmid DNA that encoded the liver Na+ /bile acid co-transport protein. 
A 'Ready To Go' PCR kit (Amersham Pharmacia Biotech) was used to amplify 
the pig DNA. The kit consisted of dried beads that contained all the PCR reagents 
pre-mixed and pre-dispensed into 0.5 ml PCR eppendorfs. PCR eppendorfs were 
thin walled for efficient heat transfer and did not contain any RNase, DNase, or 
pyrogens that could interfere with the PCR reaction. 
To the PCR beads, 1 Jlg of genomic/plasmid DNA was added, followed by the 
addition of the forward and reverse primers (50 JlM stock concentration). To the 
PCR reaction, distilled water was added to make up a final reaction volume of 25 
Jll. After dilution with water, each PCR reaction contained 1.5 units of Taq DNA 
polymerase, 50 mM KCl, 1.5 mM MgC}z, 10 mM Tris/HCl pH 9.0, and 200 J.!M 
dNTP. The final concentration of the primers within the PCR reaction (after the 
addition of water) was 5 J.!M for both the forward and reverse primer. After the 
addition of water, the PCR reaction was mixed and pelleted by brief 
microcentrifugation (Denver Instruments Microcentrifuge). 
The PCR reaction was carried out in a FTS 400 capillary fast thermal sequencer 
(Corbett thermal cycler). 
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The PCR cycling times and temperature were as followed: 
Step 1: 1 cycle at 95°C for 2 seconds 
Step 2: A, 95°C for 10 seconds 
B, 50°C for 1 0 seconds 
C, 72°C for 30 seconds 
Repeated for 40 cycles 
Step 3: 1 cycle at 72°C for 2 seconds 
Step 1 of the PCR reaction involved a 'hot start', where the PCR reaction was 
heated to 95°C. This 'hot start' denatured the double stranded DNA into single 
strands and more importantly denatured any proteins and proteases present in the 
PCR mixture. 
Step 2 of the PCR reaction involved the continual denaturing, primer annealing 
and elongation/amplification of the PCR template. Heating the DNA to 95°C 
denatured the DNA and cooling to 50°C allowed the primers to anneal to the 
DNA. The section of double stranded DNA created by the primers binding to the 
single stranded DNA, provided the binding region for the Taq DNA polymerase. 
An increase in temperature to 72°C allowed the Taq DNA polymerase to elongate 
the DNA template. The process of repeating these 3 temperatures for 40 cycles, 
enabled the elongation and amplification of the specific region of DNA. The final 
step of PCR involved a 2 second incubation period at 72°C. This enabled the Taq 
DNA polymerase to complete elongation of the PCR templates and to add a single 
adenosine to the end of each PCR transcript. After the PCR reaction was 
completed, the PCR products were run on a 1% T AE gel at 60 volts for an hour. 
The PCR products were run against a 0.5-10 Kb (Sigma) DNA ladder. 
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7 .2.9 Functional conf"lrmation of the PCR product 
To determine if the PCR product isolated from the pig ileum encoded the Na+/bile 
acid co-transport protein, functional confirmation of the PCR product was 
required. Using the hybrid arrest procedure (section 7.2.4.2), 100 ng of either the 
pig PCR product or the hamster PCR product was added to 2 )lg of pig ileal 
mRNA. The mRNA/DNA complex was injected into Xenopus laevis oocytes 
(method described in section 7.2.4.1 of the methods chapter) and incubated in 
Barth's solution for 5 days. Taurocholate transport into the oocytes was assayed in 
the presence ofNa+, K+ and choline, as described in section 7.2.4.3 of the methods 
chapter. 
7.2.10.1 Cloning and sequencing of the PCR product 
For DNA sequencing, a sufficient concentration of the isolated PCR product was 
required. Therefore, the PCR product needed to be cloned into a plasmid vector 
and then inserted into E.coli. The PCR product added into the plasmid vector 
would then be under the control of the natural DNA replication system present in 
the E. coli. 
The addition of the PCR product into the plasmid was carried out using the TOPO 
T A cloning kit from Invitrogen. This kit allowed the insertion of PCR products 
that had been amplified by Taq polymerase into a §pecific plasmid vector (pCR 
2.1-TOPO) which had complementary ends to the PCR product. 
Taq DNA polymerase has a non-template dependent terminal transferase activity 
which adds a single adensoine (A) to the 3' ends of the PCR products, as 
previously mentioned. The pCR 2.1-TOPO (see appendix for vector map) 
linearised vector has a single overhang 3' deoxythymidine (T) residue, which 
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allows the complementary ligation (A ligates to T) of the PCR product to the 
plasmid. 
The PCR product was inserted into the pLac region of the plasmid which encoded 
for the Lac Z gene. This Lac Z gene, present in the lac operon, is involved in 
lactose utilisation with the Lac Z gene coding for the enzyme B-galactosidase. 
Insertion of the PCR product removed the Lac Z gene. This meant that the E. coli 
cells that contained the plasmid (with the PCR product) would not be able to 
produce the B-galactosidase gene. The lack of the B-galactosidase meant that 
these E.coli colonies would have a white appearance, which contrast with the blue 
colour of the E.coli colonies that contained the plasmid that had retained the pLac 
region. 
To ensure that the PCR product (generated using the protocol described in section 
7 .2.8) contained an A overhang, the product was heated again, at 72°C for 30 
minutes to allow the Taq DNA polymerase still present in the sample to add A 
overhangs to all the amplified PCR products. 
To 4J.tl of the PCR product, lJ.ll of the pCR 2.1-TOPO vector (10 ng/J.ll plasmid 
DNA, 50% glycerol, 1 mM EDTA, 1 mM DDT, 0.1% Triton-X-100, 50 mM 
Tris/HCl pH 7.4, 100 ng/J.ll BSA, phenol red) was added and the volume made up 
to 6J.tl with sterile water. The reaction was gently mixed and incubated at room 
temperature for 5 minutes. From the PCR product/vector mix, 2J.tl was removed 
and added to a vial containing one shot chemically competent TOPO 10 E.Coli 
cells (200 mM NaCl, 10 mM MgCb) (Invitrogen). 
The sample was incubated on ice for 5 minutes and the cells were then heat 
shocked for 30 seconds at 42°C. The samples were then transferred to ice and 250 
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J.!l of SOC medium (2 % trypton, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCI, 
10 mM MgCh, 10 mM MgS04, 20 mM glucose) was added. The samples were 
then shaken at 37°C for one hour. 
To selective medium plates (l % trypton, 0.5 % yeast extract, I % NaCl, 1.5 % 
agar, 50 J..Lg/ml ampicillin, pH 7 .0), 10 J.!l of the sample mixture was spread over 
the plates. The plates were then incubated at 37°C overnight and all the white 
colonies produced were harvested. 
The single colonies were harvested, by using a sterile tooth pick, and were added 
to 5 ml of LB broth (1 % trypton, 0.5 % yeast extract, I % NaCl, 50 Jlg/ml 
ampicillin, pH 7.0) and incubated at 37°C overnight whilst being shaken to allow 
aeration of the samples. 
7.2.10.2 DNA purification of plasrnids containing the cloned PCR product 
To enable sequencing of the cloned PCR product, the plasmids containing the 
inserted PCR product needed to be isolated from the E .coli. DNA purification 
was carried out using the Wizard plus SV mini prep kit (Promega). 
5 ml of bacterial cultural was centrifuged at 10,000 xg for 5 minutes (Denver 
Instruments) which pelleted the E.coli. The supernatant was discarded and 250 J.!l 
of cell resuspension solution (10 mM EDTA, 100 J..Lg/ml RNase A, 50 mM 
Tris/HCl pH 7.5) was added to the pellet. The pellet was resuspended by vortexing 
and 250 J.!l of cell lysis solution (200 mM NaOH, I % SDS) was added. The 
sample was mixed by inverting the tube and left at room temperature for 5 
minutes. To the sample, 350 J..Ll of neutralisation solution (4.09 M guanidine 
hydrochloride, 759 mM potassium acetate, 2.12 M glacial acetic acid, pH 7.2) was 
added, the tube was mixed by inverting and the sample was then spun at 14,000 xg 
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for 10 minutes (Denver Instruments). The clear supernatant (containing the 
plasmid lysate) was removed and added to a spin column. The column containing 
the lysate was then centrifuged at 14,000 xg for 1 minute to ensure that the lysate 
passed through the filter at the base of the column. The lysate that had passed 
through the column was discarded and the plasmid DNA retained on the column 
filter was washed with 750 Ill of column wash solution (60 mM potassium acetate, 
60% ethanol, 10 mM Tris/HCl pH 7.5). The column was spun at 14,000 xg for 1 
minute and the lysate that passed through the column was discarded. The column 
was then transferred to a clean eppendorf and 100 J.tl of nuclease free water was 
added. This eluted the plasmid DNA, which was collected in an eppendorf. The 
eppendorf contained only the plasmid and PCR insert, at a concentration of about 
100 ng/J.tl, which could be used for sequencing. 
7.2.10.3 Isolation of PCR product from plasmid and determination of the 
PCR product size 
To ensure that the plasmid contained the right sized PCR product, the PCR 
product needed to be isolated from the plasmid and its size determined by gel 
electrophoresis. 
To isolate the PCR product from the plasmid, the plasmid was digested with Eco 
Rl which cut the plasmid at the Eco Rl restriction sites (see appendix for map). 
The plasmid DNA (100 ng) was digested with 1J.tl of Eco R1 (1 unit/J.tl) for 1 
hour at 37°C. The undigested {100 ng) and digested (100 ng) plasmid DNA was 
then run on a 1x TBE gel (as described in section 7.2.5.2.1). 
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7.2.10.4 DNA sequencing 
The plasmids which contained the right sized DNA insert were then sent to MWG 
Biotech (Milton Keynes) for sequencing. The company used the M13 forward and 
reverse primers present on the plasmid (see appendix) for sequencing. 
7 .2.11 Computer modelling of the protein 
7.2.11.1 Conversion of nucleotide sequence to amino acid sequence 
The nucleotide sequence was translated to the amino acid sequence using the 
software, PC gene (Version IV, IntelliGenetics.Inc). The software translated the 
nucleotide sequence to produce three variations of amino acid sequence, 
depending on which of the first three nucleotide bases were taken to represent the 
first of the gene sequence. Analysis of the three variations of amino acid 
sequences allowed the determination of which amino acid sequence appeared to 
encode the Na+/bile acid co-transport protein. 
7.2.11.2 Identification ofthe amino acid sequence 
To identify the translated amino sequence, all three variations of amino acid 
sequence were analysed using the BLAST software available from the website: 
Expasy.chltools/. The amino acid sequence was added into the relevant section of 
the BLAST software (Altschul et al., 1990) and a basic search was conducted. 
The software then searched the EMBL/Brookhaven databases of all known amino 
acid sequences to identify the amino acid sequence entered. The BLAST software 
compiled a list of the possible proteins that shared varying degrees of homology 
with the entered amino acid sequence. The degree of homology that the entered 
amino acid sequence shared with each protein was expressed as an E value; the 
smaller the E value the greater degree of homology between the two sequences. 
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7.2.11.3 Sequence alignment of the amino acid sequence 
After the identification of the protein for which the amino acid sequence encoded, 
a sequence alignment between the derived amino acid sequence and other amino 
acid sequences encoding the same protein in different mammals was performed. 
The multiple sequence alignment was carried out using the CLUSTAL W software 
(Thompson et a!., 1994) at EBI. The amino sequences of all the proteins were 
entered into the relevant section and the CLUSTAL W software aligned each 
sequence to asses the conservation between species. 
7 .2.11.4 Determination of number and position of transmembrane regions 
To determine how many transmembrane regions the pig ileal Na+/bile acid co-
transport protein had, the softwares TMpred, HMMTOP and TopPred2 were used. 
The amino acid sequences of ileal Na+/bile acid co-transport protein from the 6 
species for which the sequence was known were entered into the relevant sections 
for each software package and these softwares will then predict the amino acids 
involved in the transmembrane domains. 
However, each software will suggest a different amino acid that starts and finishes 
each transmembrane domain because each software will use a different known 
protein (from its data base) to compare against the entered amino acid sequence. 
Therefore, the predictions of the number and positions of the transmembrane 
regions were compiled and averaged. 
7.2.11.4.1 BMMTOP software 
The HMMTOP software predicts membrane topology of proteins by using the 
Hidden Markov Model (Tusnady and Simon, 1998). The Markov model has 
special architecture which was developed to search for the possible locations of 
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transmembrane domains of the entered amino acid sequence, by comparing the 
transmembrane topology of proteins (programmed into the database) with known 
transmembrane domains. 
The amino acid sequence is entered in a SWISS PLOT format and the software 
then calculates transmembrane domains which are between 20-22 amino acids 
long. 
7.2.11.4.2 TMpred software 
The TMpred software makes predications of the possible location of 
transmembrane domains and their orientation by using an algorithm based on the 
statistical analysis of TM base (Hofmann and Stoffel, 1993). TM base is a 
database of transmembrane domains and their predicated transmembrane domains. 
TMpred predicts the possible location of the transmembrane domains of the 
entered amino acid sequence, by comparing the amino acid sequence with the 
proteins stored in the data base. As with HMMTOP the amino acid sequence can 
be added in SWISS PLOT format. 
7.2.11.4.3 TopPred 2 software 
This software uses a combination of physicochemical properties, such as 
hydrophobicity analysis and the positive inside rule, to predict the transmembrane 
domains of the entered amino acid sequence (Von Heijne, 1992). The main 
physicochemical property used to predict possible transmembrane domain 
location, is by analysing the hydrophobicity of the amino acids. The average 
hydrophobicity of around 20 amino acids is calculated by the TopPred 2 software 
and compared to the hydrophobicity of known proteins entered into the database. 
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Using this date the software then predicts the possible location of each 
transmembrane domian. 
7.2.11.5 Generation of a 2D model of the ileal Na+/bile acid co-transport 
protein 
To examine the 2D structure of the ileal N a+ /bile acid co-transport protein the 
software 2D MEM MAP (Antoniw and Mullins, unpublished) was used. The 
amino acid sequence of the transport protein was entered and the settings for the 
averaged positions and numbers of transmembrane domains were entered. The 2D 
model of the transport protein was produced by using the topology section of the 
2D MEM MAP software. 
102 
RESULTS & DISCUSSION 
CHAPTER EIGHT: 
8. The purification and characterisation of pig intestinal brush border 
membrane vesicles (BBMV) 
The Na+/bile acid co-transport protein 1s present within the brush border 
membrane of intestinal enterocytes, so the isolation of intact brush border 
membrane from the rest of the enterocyte was required. BBMV were prepared 
from pig duodenum, jejunum and ileum, using cation precipitation and differential 
centrifugation, as described in the methods (section 7 .2.1.1 ). 
BBMV were then characterised in the following ways:-
1, Electron microscopy of BBMV, to determine if the brush border membranes 
had formed vesicles and also to assess whether the vesicles were right side out or 
inside out. 
2, The purity of the prepared BBMV were examined, to ensure minimal 
contamination with other cellular organelles that are present in enterocytes. The 
activities of marker enzymes of the brush border membrane were compared to the 
activities of marker enzymes of the membranes of other cellular organelles 
(mitochondria, endoplasmic reticulum and Golgi body) in the original tissue 
homogenate. 
3, Further characterisation of the BBMV was by examination of Na + dependent 
D-glucose transport (SGLT1), which occurs exclusively on the brush border 
membrane (Crane et a/.,1962; Wright et a/.,1992). The characterisation of the 
SGLT1 transport process provided a further test of the membrane origin and 
functional viability of the vesicles. 
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8.1 Electron microscopy of BBMV 
The BBMV were resuspended in either a mannitol buffer or distilled water, to 
determine whether the mannitol buffer was destroying the BBMV by osmotic 
lysis. 
As can be seen in figure 8.1, the brush border membrane had formed vesicles and 
the microvilli were pointing outwards (as demonstrated by the white edge on the 
BBMV). The formation of BBMV with the brush border membrane located on the 
outside of the vesicles, confirmed that the vesicles had formed correctly. In 
comparison, the brush border membrane resuspended in water (figure 8.2) had not 
formed vesicles due to osmotic lysis. This finding confirmed that resuspending 
brush border membranes in an isotonic mannitol buffer was essential for proper 
formation ofBBMV. 
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Figure 8.1, Electron microscopy of BBMV resuspended in an isotonic 
mannitol buffer 
Fi2ure 8.2, Electron microscopy of BBMV resuspended in water 
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8.2 Determination of homogenate and BBMV protein concentration 
The protein concentrations of BBMV and homogenate were assayed by the Lowry 
method ( 1951) as described in the methods section. 
Figure 8.3, Standard curve of protein concentration 
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A stock solution of bovine serum albumin (2 mglml) was serially diluted with water to 
achieve a standard curve of known protein concentrations (as described in the method 
section). Absorbance was read at 750 nm. Each point represents the mean± S.D. for 
three assays (n=9). Only the liner region of standard curve is shown in this graph, 
because this was the region used for the protein determination 
To determine the concentration of protein within the homogenate and BBMV, the 
absorbance values for the homogenate and BBMV were compared to the 
absorbance values of the standard curve. 
8.3 Activities of marker enzymes 
Previous work has shown that isolated BBMV should be enriched in brush border 
marker enzymes, whilst the activities of marker enzymes for the nucleus, 
mitochondria, endoplasmic reticulum and Golgi bodies should be depleted when 
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compared to the original intestinal homogenate (Kessler et al., 1978; Shirazi et 
a/.,1981; Mullins et a/.,1992). 
The brush border enzymes, sucrase and alkaline phosphatase, were used as 
markers for the brush border membrane of the enterocytes, whilst succinnate 
dehydrogenase, a-mannosidase and a-glucosidase were used as membrane marker 
enzymes for mitochondria, Golgi bodies and endoplasmic reticulum respectively. 
Table 8.1, The specific activity, enrichment and recovery of marker enzymes 
in BBMV prepared from pig small intestine 
Specific activity %Recovery %Recovery Enrichment 
(J..Lmollmin/mg prot) (Activity) (Protein) 
Sucrase:-
Homogenate 0.265 ± 0.04 100 1 
BBMV 3.833 ± 0.09 26.0 2.2 14.46 
Alkaline phosphatase:-
Homogenate 0.056± 0.04 100 1 
BBMV 0.885± 0.03 20.2 1.86 15.80 
SDH:-
homogenate 0.0181 ± 0.03 100 1 
BBMV 0.0158±0.06 1.6 2.16 0.71 
a.-glucosidase:-
homogenate 0.0038 ± 0.00 100 1 
BBMV 0.0024± 0.01 2.5 2.075 0.63 
a.-mannosidase:-
homogenate O.Oll9± 0.02 100 1 
BBMV 0.0212± 0.01 2.8 1.783 1.72 
* SDH = succinate dehydrogenase 
BBMV were prepared from adult pig intestine as described in the methods section. Each 
value represents the mean± S.D. for three assays( n=9). 
The enrichments of specific activity were calculated as the ratio of specific enzyme 
activities in the final BBMV compared to the initial homogenate. Protein recovery in the 
final BBMV was calculated as the percentage of the total protein found in the initial 
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homogenate. The recovery of total activity of marker enzymes in the .final BBMV was 
calculated as the percentage of the total activity of marker enzymes found in the initial 
homogenate. 
The specific enzyme activities of the brush border marker enzymes (sucrase and 
alkaline phosphatase) were compared in BBMV and the original homogenate. 
BBMV displayed a 14-16 fold enrichment of these enzymes, with a recovery of 
20-25% of the total enzyme activity (table 8.1). However, comparison of specific 
enzyme activities for succinate dehydrogenase, a-mannosidase and a-glucosidase 
showed that these enzymes were not enriched in BBMV and had only low levels 
of total enzyme recovery (1.5-3%). 
These results showed that brush border membranes had been isolated from the 
enterocytes with little contamination from other cellular organelles, which 
corresponds to preparations of other workers (Mullins et al., 1992; Lin et al., 1993; 
Kramer et a/.,1993). Therefore, the enzyme enrichment values for the isolated 
BBMV indicated that the BBMV were suitable for the functional characterisation 
of pig intestinal transport processes. 
8.4 Characteristics of D- glucose transport in pig small intestinal BBMV 
The active transport of sugars was one of the first intestinal transport mechanisms 
to be studied. Crane (1962) proposed that monosaccharides such as glucose and 
galactose were transported across the brush border membrane of intestinal 
enterocytes by a carrier mechanism, which co-transported Na+. 
Further work has shown that Na+ dependent transport of D-glucose achieves its 
maximum rate in the jejunum, with lower rates of uptake observed in the 
duodenum and ileum (Kessler et al., 1978). Passive diffusion ofD-glucose occurs 
at a similar rate throughout the small intestine (Bluet, 1986). The removal of the 
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Na+ gradient resulted in only passive diffusion being observed (Aoshima et 
a/.,1987). 
The SGLT1 D-glucose transport process has been shown to be an electrogenic 
process and required two monovalent cations to pass through the membrane for 
every glucose molecule (Murer and Hopfer, 1974; Okada, 1979; Stieger et 
a/.,1984). Previous work has shown that electrogenic transport processes are 
sensitive to the anions that may be coupled to the cation. The transport of two N a+ 
ions into the BBMV leads to the creation of a membrane potential (positive inside 
the BBMV) which is compensated by the transport of the anion (coupled to the 
cation) across the membrane. Certain anions have a higher permeability across the 
brush border membrane and will have the effect of altering the membrane 
potential of the BBMV. Therefore, the same anion, namely chlorine was used 
throughout the study ofNa + dependent D-glucose transport. 
8.4.1 Characterisation of BBMV integrity by D-glucose transport 
Intestinal transport of D-glucose has now been widely characterised (Turk et a/., 
1991; Wright, 1993) and has been used in previous studies as a functional measure 
of the transport capacity of isolated BBMV (Shirazi-Beechey et a/.,1990; Mullins 
eta/., 1992). 
In this study the secondary active uptake of D-glucose into intestinal BBMV 
isolated from pig duodenum, jejunum and ileum were compared in the presence of 
inwardly directed Na+, K+ or choline chloride gradients. The transport properties 
of the BBMV were measured using radiolabelled D-glucose and a rapid stop-
filtration procedure. 
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Figure 8.4, Regional variation in D-glucose transport throughout the pig 





BBMV were prepared from the duodenum, jejunum and ileum of adult pigs as described 
in the methods sections. D-glucose transport was assayed in the presence of Na +, K and 
choline, with the incubation medium containing either 100 mM NaC/, KCI or choline 
chloride, 100 mM mannitol, 20 mM HEPES/Tris, pH 7.4 and 100 j1M 14C D-glucose (37 
Kbq). The assays were carried out at 31' C. Upon the addition of 100 pi of incubation 
medium the reaction was allowed to proceed for 10 seconds, after which the uptake was 
stopped. Each point represents the mean± S.D.for three assays (n=9). 
As shown in figure 8.4, Na+ dependent D-glucose transport occurred in BBMV 
isolated from all regions of adult pig intestine. However, the initial rates were 
appreciably higher in the jejunum. This indicated that the Na+ dependent D-
glucose co-transport protein (SGLT1) was present throughout the small intestine 
but was more abundant in the jejunum followed by the duodenum and ileum. This 
observation was consistent with previous findings (Bluet, 1986) that N a+ 
dependent D-glucose transport declines after the proximal small intestine, due to a 
lower number of transport proteins in the distal region. 
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The rate of D-glucose transport into the duodenal, jejunal and ileal BBMV was 
greatly reduced in the presence of K+ and choline when compared to Na+. This 
observation correlated with previous findings (Aoshima et al., 1987) that 
secondary active D-glucose transport does not occur in the presence of K+ or 
choline. 
In order to investigate active transport of substrates, the passive diffusion rates of 
these substrates must be ascertained. Choline is a large bulky cation which should 
not be able to pass through the brush border co-transport proteins. Therefore, 
throughout this study, uptake in the presence of choline was taken to be 
representative of passive diffusion of the substrate. 
8.5 Summary of the characterisation of pig intestinal BBMV 
The electron microscopy of the isolated BBMV revealed that the brush border 
membranes had formed vesicles and that the microvilli were on the external 
surface. The characterisation of pig intestinal BBMV by the activity of brush 
border marker enzymes demonstrated a 14-16 fold enrichment in BBMV when 
compared to the original enterocyte homogenate. This indicated that the brush 
border membranes had been isolated from the enterocytes with virtually no 
contamination from other cellular organelles (Moe and Jackson, 1987). 
The characterisation of pig BBMV by uptake of D-glucose displayed 
characteristics observed in similar studies (Shirazi-Beechey et al., 1990; Turk et 
al., 1991; Wright, 1993). The characterisation of pig BBMV showed that the 
enzyme activities and transport functions attributed to the brush border in vivo 
were maintained in the BBMV. Therefore, the BBMV were a suitable model for 
the study of intestinal bile acid transport. 
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CHAPTER NINE: 
9. Bile acid transport in pig small intestine 
Studies using in vivo methods, isolated epithelial cells and BBMV have shown 
that bile acids are reabsorbed by passive diffusion throughout the small intestine 
(Krag and Phillips,1974; Wilson, 1981; Marcus et al., 1991, Stiehl et al., 1995), 
whilst secondary active bile acid transport in most cases is localised to the distal 
ileum (Lack and Weiner, 1961; Holt et al., 1964; Schiff et a/.,1972). Furthermore, 
studies have shown that the transport of bile acids against their concentration 
gradient is dependent on energy derived from a Na + gradient inwardly directed 
across the brush border membrane (Wilson and Treanor, 1975; Lucke et a/.,1978; 
Schwenk et al., 1983). 
In this study, the properties of taurocholate transport in pig intestinal BBMV were 
measured by using radio labelled 3H taurocholate and a rapid stop-filtration 
procedure. The uptake of taurocholate into BBMV was routinely assayed in the 
presence of an inwardly directed NaCl, KCl or choline chloride gradient. 
9.1 Effect of varying the intravesicular volume of pig ileal BBMV 
In the study of a transport system using isolated membrane vesicles, it was 
necessary to investigate whether the observed uptake of the solute was actually 
due to its transport into the vesicles. A certain proportion of uptake maybe due to 
extravesicular binding of the solute to the membrane vesicles, therefore the 
osmotic potential of the BBMV were manipulated in order to increase or decrease 
the size of the vesicles. If the observed transport of the solute (in this case 
taurocholate) was due to transport into the BBMV, decreasing the intravesicular 
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volume would have led to a decrease in radio labelled uptake of the substrate with 
the opposite trend observed when increasing the intravesicular space. 
In this study, the intravesicular volume of the BBMV was altered by a 2 hour 
incubation in media which had varying amounts of mannitol. The osmotic 
potential of the incubation media was varied from 240-490 mosM. By 
extrapolating the relationship between osmolarity and uptake to infinite osmolarity 
(approaching zero intravesicular volume), the binding and membrane incorporated 
component of taurocholate uptake into BBMV could be estimated. 
Figure 9.1, The effect of varying the external osmolarity of the incubation 
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BBMV were prepared from pig ileum as described in the methods section. The BBMV 
were incubated at 3 7' C for 2 hours in 6 different incubation media varying from 2 40 to 
490 mosM The incubation media all contained 100 mM NaCl or KCl, 100 j.JM 3H 
taurocholate (37 Kbq) and 20 mM HEPES/Tris pH 7.4, with 0, 50, 100, 150, 200 and 250 
mM mannitol corresponding to osmolarity concentrations of 240, 290, 340, 390, 440 
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and 490 mosM respectively. Each point represents the mean ± S.D. for three assays 
(n=9}. 
Figure 9.1 showed that there was an inverse relationship between taurocholate 
uptake and osmolarity. The graphical extrapolation to infinite osmolarity (where 
the line crossed the Y axis) which was representative of zero intravesicular 
volume, indicated that no taurocholate uptake was observed. This established that 
the observed taurocholate uptake was due to transport of taurocholate into the 
BBMV and not due to extra vesicular or intra-membrane binding of taurocholate to 
the BBMV. This data confirmed that the isolated pig intestinal BBMV were a 
suitable model for the study of bile acid transport through the brush border 
membrane. 
9.2 Characteristics of taurocholate transport in pig small intestinal BBMV 
9.2.1 Distribution of taurocholate transport throughout pig small intestine 
Previous studies have shown that the intestinal Na+lbile acid co-transport protein 
is localised to the ileum (Wilson, 1981; Kramer et a/., 1983; Mullins et al., 1992; 
Sorscher eta/., 1992; Wong et a/.,1994). BBMV isolated from the duodenum, 
jejunum and ileum were assayed for taurocholate uptake in the presence of 
different cations in order to determine which region of the small intestine 
contained the Na + /bile acid co-transport protein. 
As shown in figure 9.2, there was elevated uptake of taurocholate into ileal 
BBMV (37 pmol/mg protls) in the presence of an inwardly directed Na+ gradient 
when compared to taurocholate uptake into duodenal BBMV (6 pmol/mg protls) 
and jejunal BBMV (4 pmollmg protls) under the same conditions. Furthermore, 
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the rates of duodenal and jejunal taurocholate transport in the presence of Na+ 
were very similar to the rates of taurocholate uptake observed in the presence of 
choline (3 pmol/mg prot/s in the duodenum and 4 pmol/mg prot/s in the jejunum). 
These reduced rates were similar to rates ofbile acid passive diffusion observed in 
previous studies (Krag and Phillips, 1974, Wilson 1981). 
Figure 9.2, Taurocholate transport in pig duodenum, jejunum and ileum in 
the presence of different cations 
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BBMV were prepared from the duodenum, jejunum and ileum of adult pigs as described 
in the methods section. Taurocholate transport was assayed in the presence of Na +, K 
and choline throughout the small intestine. These incubation media contained either 100 
mM NaCI, KCl or choline chloride, 100 mM mannitol, 20 mM HEPES/Tris, pH 7.4 and 
100 J1M 3 H Taurocholate (37 Kbq). Taurocholate transport in pig ileum was also 
assayed in the presence of 300 mM mannitol, 20 mM HEPES/Tris, pH 7.4. The assays 
were carried out at 3fl C. Upon the addition of 100 pl of incubation medium, the 
reaction was allowed to proceed for 10 seconds after which the uptake was stopped. 
Each point represents the mean ± S.D. for three assays (n=9). An Anova statistical test 
was carried out in excel, the rates of taurocholate uptake was compared between each 
cation in the duodenum , jejunum and ileum. 95% significance = *, 99 %significance = 
** 
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The rate of taurocholate uptake in the presence of K+ in the jejunum (8 pmol/mg 
prot/s) was slightly elevated when compared to taurocholate uptake in the 
presence of choline (4 pmol/mg prot/s) from the same region. The increased 
uptake of taurocholate in the presence of K+ could have been due to a bile acid 
carrier mediated process identified by Amelsberg and colleagues (1996). 
Therefore, the rate of passive and secondary active bile acid transport in pig small 
intestine appeared to be consistent with previous studies, which have shown that 
Na+ dependent bile acid transport is localised to the ileum, with passive bile acid 
diffusion occurring throughout the small intestine (Schiff et a/., 1972; Krag and 
Phillips, 1974; Lack eta/., 1977) and with the possibility of an carrier mediated 
transport process present in the jejunum (Amelsberg eta/., 1996). 
However, in ileal BBMV, the uptake of taurocholate in the presence of an 
inwardly directed K+ gradient (12 pmol/mg prot/s) was elevated when compared 
to uptake in the presence of choline (3.4 pmol/mg prot/s). To ensure that 
taurocholate uptake in the presence of choline was representative of passive bile 
acid diffusion (as observed in D-glucose transport), taurocholate uptake was 
measured in the presence of 300 mM mannitol (representing the total removal of a 
cation gradient). The removal of all cations resulted in very similar rates of 
taurocholate transport when compared to taurocholate transport in the presence of 
choline (mannitol= 3.2 pmol/mg prot/s, choline= 3.4 pmol/mg prot/s.). Lack and 
colleagues (1977) had previously observed that taurocholate uptake in the 
presence of 100 mM mannitol gave transport rates of about 0.025 nmoles/mg 
protein which was taken to represent passive diffusion (Lack et a/., 1977). 
Likewise, in this study the similarly low levels of uptake rates in the presence of 
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choline and mannitol were taken to represent passive diffusion. This in tum gave 
rise to the notion that ileal taurocholate uptake observed in the presence of K+, 
which was consistently 3-4 fold higher than choline, represented a transport 
process other than passive diffusion. Further work was required to determine if 
taurocholate uptake observed in the presence of K+ was due to passive diffusion, a 
carrier mediated transport process, or a secondary active transport process. 
9.2.2 Temperature dependence of taurocholate transport in the presence of 
different cations 
A characteristic of active transport is its dependence on temperature. Previous in 
vitro work has shown, that at 25°C there is a 42.4% inhibition of cholate transport 
in rat ileum, when compared to transport at 37°C (Holt, 1964). At temperatures 
below the functional range of the N a+ I bile acid co-transport protein only passive 
diffusion ofbile acids are observed in BBMV (Kramer et al., 1994). To determine 
if taurocholate uptake observed in the presence ofNa+ and K+ were both due to a 
secondary active transport process, ileal BBMV were incubated at a range of 
temperatures and then assayed for taurocholate transport in the presence of 
inwardly directed Na +, K+ and choline gradients. 
Table 9.1, Temperature dependence of taurocholate uptake into ileal BBMV 
in the presence of different cations 
Cation 15°C 25°C 37°C 
Na+ 2.22 ± 2.08 4.44 ± 1.37 37.5 ± 20.7 
K+ 2.07 ± 1.85 3.38 ± 1.70 12.96 ± 2.9 
Choline 1.51 ± 1.51 3.59 ± 2.56 3.78 ± 1.23 
BBMV were isolated from pig ileum as described in the methods section. Ileal BBMV 
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were incubated at either 15° C, 25° C, or 31' C. Taurocholate uptake (pmol/mg prot/s) 
was measured for 10 seconds after the addition of 100 pl incubation media, which 
contained 100 pM 3 H taurocholate (37 Kbq), 100 mM mannitol, 20 mM HEPES/Tris pH 
7.4 and 100 mM NaCl, KCl or choline chloride. Each point represents the mean ± S.D. 
for three assays ( n=9). 
Table 9.1 shows that taurocholate uptake in the presence of both Na+ and K+ was 
greatly reduced at 15°C and 25°C when compared to uptake at 37°C, while uptake 
in the presence of choline (passive diffusion) was not affected by temperature. The 
temperature sensitivity of bile acid transport in the presence of Na+ has been 
demonstrated in previous studies, with the inference that such sensitivity is 
indicative of an active transport process (Holt, 1964; Kramer et a/.,1994). 
Therefore, the observation that taurocholate uptake in the presence of K+ was also 
temperature dependent gave an indication that secondary active transport of 
taurocholate was probably occurring in the presence ofK+. 
9.2.3 Concentrative accumulation of taurocholate into ileal BBMV 
Another functional characteristic of secondary active bile acid transport is the 
concentrative accumulation ofbile acids. In intestinal enterocytes, the flow ofNa+ 
down its electrochemical gradient provides sufficient energy to enable the Na+ 
/bile acid co-transport protein to transport conjugated bile acids against their 
concentration gradient. 
In this study the concentrative accumulation of taurocholate was examined in 2 
ways:-
1, The elimination of an inwardly directed taurocholate gradient by pre-loading 
ileal BBMV with 100 ~M taurocholate. This ensured that the taurocholate 
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concentration was in equilibrium between the external medium and the 
intravesicular space of the BBMV. 
2, The time course of taurocholate uptake into ileal BBMV over a time period of 9 
hours. 
Table 9.2, Effect of dispelling the taurocholate gradient on taurocholate 
transport 
Cation Uptake into unloaded BBMV Uptake into taurocholate-
(pmollmg prot/s) loaded BBMV (pmollmg prot/s) 
Na+ 20.26 ± 3.11 17.08 ± 4.44 
IC 13.18 ± 2.96 7.69 ± 1.00 
Choline 3.82 ±0.104 2.45 ± 1.19 
Unloaded ileal BBMV were prepared in an isotonic mannitol buffer as described in the 
methods section. Taurocholate-loaded BBMV were re-suspended at the last stage of the 
BBMV preparation in a buffer containing 300 mM mannitol, 20 mM HEPES!Tris pH 7.4 
and 0.1 mM MgS04 with the addition of 100 pM taurocholate. Both sets of BBMV were 
then assayed for 10 seconds in 100 mM mannitol, 20 mM HEPES/Tris pH 7.4, 100 pM 3 
H taurocholate (37 Kbq) and either 100 mM NaC/, KCl or choline chloride. Each point 
represents the mean± S.D. for three assays (n=9). An anova test was carried out, but 
none of the data was found to be significant. 
As shown in table 9.2, the removal of an inwardly directed taurocholate gradient 
by pre-loading BBMV, did not result in a significant decrease in taurocholate 
uptake in the presence of any of the three cations. 
Taurocholate uptake in loaded BBMV produced similar uptake rates in the 
presence of Na+ {17.08 pmol/mg protls) to those observed in non-loaded BBMV 
(Na+ = 20.26 pmol/mg protls). There was reduced uptake of taurocholate in the 
presence of K+ when loaded to non-loaded BBMV were compared (13.18 
pmol/mg protls, compared to 7.69 pmol/mg prot/s), but in both cases the rate of 
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taurocholate uptake was still above passtve diffusion levels (loaded = 3.82 
pmol/mg protls compared to 2.45 pmol/mg protls for unloaded BBMV). The rates 
of taurocholate uptake into loaded and non-loaded BBMV in the presence ofNa+ 
and K+ were both above the rates of passive diffusion. This indicated that the 
movement of both Na+ and K+ down their concentration gradients into 
taurocholate loaded BBMV brought about the concentrative co-transport of 
taurocholate. These findings provided more evidence that secondary active 
transport of taurocholate could occur in the presence ofboth Na+ and K+. 
Figure 9.3 A, Time course of taurocholate uptake by pig ileal BBMV in the 
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BBMV were prepared from pig ileum as described in the methods section. The uptake of 
taurocholate was measured in the presence of either I 00 mM NaCI, KCl and choline 
chloride. The assay conditions were as described in the methods section. The uptake 
reaction was stopped after either 0, 5, 10, 20, 30 and 60 seconds, and after 30, 60, 90, 
120, 150, 180, 210, 240, 300, 360, 420, 480 and 540 minutes. Each point represents the 
mean +I- S.D for three assays (n=9). 
As can be seen in figure 9.3 A, there was an "overshoot" of taurocholate uptake 
into pig ileal membrane vesicles in the presence of Na+ and K+ after 30-60 
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minutes, with the accumulation of taurocholate in the presence of Na+ (1700 
pmol/mg prot.) being 2 fold higher, at the peak of the overshoot, when compared 
+ to K (800 pmol/mg prot.). 
Figure 9.3B, Time course of taurocholate uptake by pig ileal brush border 
membrane vesicles in the presence of different cations, from 0-60 seconds 
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After reaching its peak at 60 minutes, the taurocholate concentration slowly began 
to fall within the BBMV, in the presence ofboth Na+ or K+. This reduction was 
probably due to a slow efflux of taurocholate out of BBMV, eventually reaching 
equilibrium with the external concentration of taurocholate. However, there is a 
possibility that this reduction of concentrative accumulation after one hour could 
have been due to the bi-directional transport of taurocholate out of the BBMV, as 
previously observed in the hamster ileal N a+ /bile acid co-transport protein 
(Craddock et al., 1998). The reduced rate of taurocholate into the BBMV in the 
presence of choline was representative of passive diffusion. 
The observation in this study of an overshoot in the presence ofNa+ corresponded 
to previous findings and is recognised as a characteristic of secondary active 
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transport (Lucke et a/.,1978; Rouse and Lack, 1979; Gong et al., 1991; Kramer et 
al., 1992 ; 1993). However, concentrative accumulation in the presence of K+ has 
not previously been observed. The observation of concentrative accumulation in 
the presence of K+ gave a further indication that the secondary active transport of 
bile acids was occurring in the presence ofK+. 
9.2.4 The effect of eliminating the inwardly directed cation gradient 
Na+ is pumped out of intestinal enterocytes across the basolateral membrane by a 
Na+-K+ ATPase (Clausen, 1998). This energy requiring process ensures that there 
is always an inwardly directed Na + gradient, which in tum enables continuous 
active transport of bile acids by the intestinal co-transport protein. 
In BBMV, an inwardly directed Na+ gradient is artificially induced, but because 
the basolateral membrane is not present there is no active removal ofNa+ from the 
BBMV by Na+-K+ ATPase. Preloading BBMV with Na+ will abolish the inwardly 
directed cation gradient, which in tum should stop active bile acid transport. 
Likewise, if the secondary active transport of taurocholate was coupled to an 
inwardly directed K+ gradient, the removal of this gradient would result in only 
passive diffusion being observed. Therefore, ileal BBMV were preloaded with 
either 100 mM Na+ or K+, to equal the concentration of the respective cation 
outside of the brush border membrane (present in the uptake media) in order to 
abolish the inwardly directed cation gradient. 
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Out = presence of a cation in the uptake media, therefore outside of the BBMV 
Loaded = presence of a cation inside the BBMV 
BBMV were isolated from pig ileum, as described in the methods section. For pre loaded 
BBMV, 100 mM of the cation was added to 300 mM mannitol, 0.1 mM MgS04, 20 mM 
HEPES/Tris pH 7.4, which the BBMV were resuspended in. The uptake of taurocholate 
was measured for 10 seconds in the presence of either 100 mM NaCl or KCl with the rest 
of the assay conditions as described in the methods section. Each point represents the 
mean ± S.D. for nine determinations. An anova statistical test was carried, comparing 
the difference in the rate of taurocholate was between unloaded and loaded BBMV in the 
presence ofNa+ or K, 99 %significance=**, 99.9 %significance=***. 
The removal of a cation gradient had the effect of reducing the rates of 
taurocholate transport to levels of passive diffusion in the presence ofboth cations 
(figure 9.4). Uptake rates were reduced from 10.2 pmol/mg prot/s to 2.4 pmol/mg 
prot/s forK+ and 27 pmol/mg prot./s to 2.9 pmol/mg prot/s for Na+. These results 
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showed that inwardly directed N a+ and K+ gradients were essential for secondary 
active taurocholate transport, which again indicated that secondary active 
taurocholate transport was coupled to the flow of either Na+ or K+. Figure 9.4 also 
showed that loading the BBMV with K+, which should have reduced the negative 
electrochemical potential inside the BBMV, had no significant effect on active 
taurocholate transport in the presence ofNa+. This showed that the concentration 
of other cations on the inside of the membrane was not a significant factor in 
affecting Na+ dependent bile acid transport. This finding also gave an indication 
that taurocholate transport in the presence ofNa+ appeared to be an electronetural 
transport process because the reduction in electrochemical potential within the 
BBMV did not have a significant effect on secondary active transport. 
9.3 Summary of results 
From the results observed using pig ileal BBMV, it was concluded that the BBMV 
could be used to study the active transport bile acids. The transport characteristics 
of taurocholate uptake in the presence of Na+ corresponded to previous findings 
using BBMV and isolated epithelial cells (Lack and Weiner, 1961; Holt, 1964; 
Mullins et a/,. 1992; Kramer et a/,. 1993), which indicated that the ileal BBMV 
contained the Na+/ bile acid co-transport protein. 
The observation that taurocholate transport in the presence of K+ was elevated 
when compared to passive bile acid diffusion had not been discussed in previous 
investigations into secondary active bile acid transport. As in the presence ofNa+, 
taurocholate transport in the presence of K+ was temperature sensititive and 
demonstrated concentrative accumulation. The functional characteristics of 
taurocholate transport in the presence of K+ were very similar to those observed 
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with the secondary active transport process in the presence of Na+. However, 
transport rates in the presence of K+ were consistently 2-3 fold lower when 
compared to Na+. From these results it was proposed that secondary active 
taurocholate transport occurred in the presence ofboth Na+ and K+. 
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CHAPTER TEN: 
10. Characterisation of the ileal Na +/bile acid co-transport protein in the 
presence of N a+ and K+ 
Having shown that secondary active bile acid transport could occur in the presence of 
both Na + and K+, it was important to determine if it was the same transport protein 
that was involved in both secondary active transport processes. Characterisation of 
this process involved inhibition studies and Michealis Menton kinetics using ileal 
BBMV. 
10.1 Competitive inhibition of ileal taurocholate uptake by taurodeoxycholate 
Secondary active bile acid transport in the ileum has long been established as a multi-
specific transport process that allows the absorption of bile acids, whether 
dihydroxylated or trihydroxylated (Krag and Philips, 1974; Schiff et al. , 1972; 
Wilson, 1981 ). Studies using BBMV have revealed that the addition of another bile 
acid can lead to concentration-dependent inhibition of the bile acid being studied. 
This has been rationalised as competition between the bile acids for the Na + /bile co-
transport protein, with dihydroxylated bile acids being the most potent competitive 
inhibitors ( Burckhardt eta!., 1983b; Kramer et a!., 1992; Mullins eta!. , 1992). 
In this study, the uptake of taurocholate into ileal BBMV was measured in the 
presence of either 1 OOJlM 3H taurocholate on its own or 100 JlM 3H taurocholate and 
1 mM taurodeoxycholate. Taurocholate transport was measured in the presence of 
both Na+ and K+ in order to determine if transport in the presence of these two cations 
demonstrated similar patterns of inhibition. 
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Table 1 0.1, Inhibition of taurocholate uptake by taurodeoxycholate, in the 
presence of different cations 
Cation Taurocholate Taurocholate uptake in Percentage inhibition 
uptake (pmol/mg the presence of of taurocholate 
prot./s) taurodeoxycholate uptake by 
(pmol/mg prot./s) taurodeoxycholate 
Na+ 30 ± 10 8.5 ± 2.7 71.7 
K+ 11 ± 3.03 3.03 ± 0.88 72.5 
Choline 5.6 ± 3.78 7.16 ± 2.21 NIA 
BBMV were prepared from pig ileum as described in the methods section. The incubation 
media contained either NaCl, KCl or choline chloride, I 00 mM mannitol, 20 mM 
HEPES/Tris, pH 7. 4 and 100 p.M 3 H taurocholate (37 Kbq). In addition, taurocholate uptake 
was also measured in the presence of 100 p.M taurocholate and 1 mM taurodeoxycholate. 
Each point represents the mean_± S.D. for three assays (n=9). 
Table 10.1 shows that taurocholate uptake was inhibited to a similar extent (between 
71-73%) in the presence of taurodeoxycholate, irrespective of whether Na + or K+ was 
the driving cation. In the presence of choline, taurocholate uptake was not 
significantly inhibited because both bile acids were diffusing into the vesicles and not 
utilising the bile acid transport protein. 
The levels of inhibition in this study were consistent with those previously observed 
for Na+-dependent taurocholate uptake displayed by the Na+/bile acid co-transport 
protein (Wilson and Treanor, 1975; Burckhardt et al. ,1983b; Mullins et al. , 1992; 
Kramer et a/. ,1992; Wong et a/.,1994). This demonstrated that Na+ dependent bile 
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acid transport observed in this study was a result of the Na+/bile acid co-transport 
protein. 
The observation that K+ dependent taurocholate uptake exhibited similar inhibition 
profiles to Na+ dependent taurocholate uptake, which had not been discussed in 
previous studies, gave an indication that the same intestinal bile acid co-transport 
protein was probably employing both cations for active transport. 
10.2 Kinetic analysis of taurocholate transport 
As a method of further characterising whether the same bile acid transport protein 
was able to utilise both cations; the substrate and cation dependency of the transport 
process was investigated. 
Secondary active bile acid transport in the ileum has been shown to exhibit Michaelis-
Menton kinetics, which is a further characteristic of carrier mediated transport 
(Wilson and Dietschy, 1974; Wilson and Treanor, 1979; Marcus eta/., 1991). 
10.2.1 Substrate dependence of taurocholate transport in the presence of Na +, K+ 
and choline 
In this study, analysis of the substrate dependence of taurocholate uptake by ileal 
BBMV was undertaken by varying the concentration of taurocholate over the range of 
10 - 2000 J.LM. 
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Figure lO.l.A, Substrate dependence of taurocholate transport into BBMV in 
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BBMV were prepared from pig ileum. Uptake assays were carried out in the presence of 
Na +, K and choline as described in the methods section. The incubation medium contained 
either 100 mM NaCI, KCI or choline chloride, 100 mM mannitol, and 20 mM HEPES/Tris, 
pH 7.4 in addition to 3H taurocholate (37 Kbq) at 10, 20, 50, 100, 200 500, 1000 and 2000 f.1 
M The initial uptake rates were measured after 10 seconds. The data is presented as v vs [S] 
relationships (Fig. 1A &B) and as Hanes-Woolf plots ([S]Iv vs [Sj) , though the data is only 
shown to 200 pM (Fig. 2). Each point represents the mean± S.D. for three assays (n=9). 
As shown in Figure 10.1 A & B, the lower taurocholate concentrations ( 10-500 J..iM) 
resulted in a rapid linear increase of taurocholate transport in the presence of both Na+ 
and K+, reaching a peak at 500 jlM. At concentrations above 500 jlM, there was very 
little further increase in the rate of taurocholate uptake, which is representive of a 
saturable transport process, as shown in previous studies (Mullins et al., 1992; Kramer 
eta/., 1992). From this data it can be concluded that above 500 jlM the Na +/bile acid 
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co-transport protein has reached its saturation point and is not able to actively 
transport bile acids at a faster rate, even if the concentration of bile acid molecules is 
increased. 
Figure lO.l.B, Substrate dependence of taurocholate transport into BBMV in the 
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In this study, taurocholate uptake in the presence of choline was not saturable (figure, 
1 O.lA), rising linearly with the concentration of taurocholate. This was indicative of 
passive diffusion of bile acids and made the calculation of Michaelis-Menten kinetic 
constants impossible. 
The uptake rates due to passive diffusion were subtracted from the combined uptake 
due to passive and active transport processes in order to obtain results for Na + and K+ 
dependent transport processes. These results were plotted as a Hanes-Woolf plot 
(figure, 1 0.2) and the kinetic constants calculated. 
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Figure 10.2, Hanes-Woolf plot of taurocholate transport in ileal BBMV in the 
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The kinetic constants for taurocholate uptake (figure 2) in the presence of 100 mM 
Na+ or K+ were as follows; Vmax = 25 pmol/mg prot/s, Km = 20 J.!M in the presence 
ofNa+,Vmax = 8.5 pmollmg prot/s, Km = 60 J.!M in the presence ofK+. These results 
showed that taurocholate transport in the presence of Na + and K+ did not occur with 
greatly different transport affinities, and the Km values observed in this study were 
similar to those previously observed for Na + (Kramer et a!., 1992; Mullins et al. , 
1992). 
Furthermore, in this study there was a close relationship observed between maximal 
velocities and affinities. The Vmax for taurocholate uptake in the presence of Na + 
was approximately 3 times higher than in the presence of K+, and the Km for 
taurocholate transport in the presence ofNa+ was one third that in the presence ofK+. 
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This close association between transport velocity and affinity in the presence of the 
two cations strongly suggested that Na+-dependent and K+-dependent bile acid 
transport was mediated by the same transport system. 
1 0.2.2 Cation dependence of taurocholate transport in the presence of N a+, K+ 
and choline 
It was initially proposed that the difference in transport rates in the presence Na + and 
K+ could be due to different affinities of the cations for the Na +/bile acid co-transport 
protein. To determine the Km of the cations for the Na ~/bile acid co-transport protein, 
taurocholate transport was measured over a range of concentrations of Na + or K+ 
from 0 to 120 mM. 
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BBMV were isolatedfrom the ileum as described in the methods section. Uptake assays were 
carried out in the presence of Na + and K" as described in the methods section. Taurocholate 
uptake was assayed in the presence of either Na +or K" at concentrations ofO, 20, 40, 60, 80, 
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100 and 120mM The results are presented with passive d(ffusion already subtracted. Each 
point represents the mean ± S.D. for three assays( n=9). 
The Hanes-Woolf plot (figure 10.3) revealed a Km for Na+ dependent and K+ 
dependent taurocholate uptake of approximately 55 mM for both cations. The Vmax 
was again higher in the presence of Na+ (27.5 pmol/mg prot/s), than for K+ (12.7 
pmol/mg prot/s). 
These findings showed that both Na+ and K+ had the same Km values, so the affinity 
of the transport process for each cation was the same. 
10.3 Taurocholate uptake in the presence of a range of cations 
The observation that the Na+/bile acid co-transport protein was able to utilise both 
Na+ and K+, led to investigation of whether the transport protein could use other 
cations to actively transport bile acids. Further investigation of the more general 
cation specificity of the transport protein was undertaken by the measurement of 
taurocholate uptake in the presence of 100 mM concentrations of the chloride salts of 
several different cations (figure 10.4) with different ionic radii (Cotton and 
Wilkinson, 1980). 
The results revealed (figure I 0.4) that other cations besides Na + and K+ could also 
stimulate uptake of bile acids to levels appreciably higher than those observed with 
passive diffusion (represented by taurocholate uptake of values of 3-6 pmol/mg 
prot/s). 
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Figure 10.4, Rate of taurocholate transport in ileal brush border membrane 
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BBMV were prepared from pig ileum as described in the methods section. Taurocholate 
uptake was measured in the presence of the uptake buffer described in the methods section, 
with all cations at 100 mM concentration. Initial rates of taurocholate uptake were in the 
presence of monovalent cations (indicated in white) and divalent cations (indicated in 
black). Each point represents the mean +I- S.D for three assays (n =9). 
It appeared that both monovalent and divalent cations could cause enhanced levels of 
taurocholate uptake above those of passive diffusion. This indicated that the charge of 
the cation was only important in relation to it being positively charged. 
In addition, all the cations that were able to stimulate taurocholate transport above 
passive diffusion possessed ionic radii within a discrete range from 0.8 - 1.33A. The 
highest transport rates were observed with cations that have an ionic radius of around 
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IA, namely Na+, Cd2+ and Ca2+. The most notable finding from a physiological 
perspective was that taurocholate uptake was stimulated in the presence of calcium, a 
divalent cation. 
The monovalent cation K+ (ionic radius 1.33A) and the divalent cation Mn2+ (ionic 
radius 0.8A) both resulted in similar taurocholate uptake rates consistently above 
passive diffusion levels and appeared to represent the smallest and largest ionic radius 
that could stimulate active taurocholate transport, albeit at an intermediate rate. 
Conversely, cations with ionic radii below 0.8A and above 1.33A displayed levels of 
uptake similar to that observed in the absence of any cation, suggesting diffusion of 
taurocholate. 
10.4 Stoichiometry of the transport process in the presence of Na +or K+ 
Certain active transport processes have been found to be dependent on 
electronegativity within the cell, such as Na+ dependent D-glucose transport which is 
an electrogenic process (Kauntiz et al., 1982; Umbach et al. , 1990; Mullins et 
al., 1992). However, for bile acid transport there have been conflicting observations as 
to whether bile acid transport is electrogenic (Lucke et al., 1978; Craddock et al. , 
1998, Weinman, 1998) or electroneutral (Rouse and Lack, 1979; Barnard and 
Ghishan, 1987; Mullins et al., 1992). 
In this study, the stoichiometry of Na + and K+ dependent taurocholate transport was 
investigated by a Hill transformation plot, uptake studies involving valinomycin and 
the substitution of different anions. 
135 
RESULTS & DISCUSSION 
Figure 10.5, Hill Plot of taurocholate transport in ileal brush border membrane 
vesicles in the presence of different concentrations of N a+ or K+ 
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BBMV were isolatedfrom the ileum as described in the methods section. Uptake assays were 
carried out in the presence of Na + and K as described in the methods section. Taurocholate 
uptake was assayed in the presence of either Na + or K at concentration of 120, 100, 80, 60, 
40, 20 and OmM The results are presented with passive d(ffusion already subtracted. Each 
point represents the mean± S.D. for three assays( n=9). 
The Hill transformation plot (figure, 10.5) revealed a slope of 1.08 for Na+ compared 
to 1.00 for K+, which strongly indicated a 1:1 cation/taurocholate coupling ratio for 
both Na+ and K+. Therefore, from the Hill plot it appeared that the movement of one 
Na+ or K+ ion down its concentration gradient was sufficient to allow the transport of 
one taurocholate molecule, which indicated an electroneutral process. 
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The stoichiometry of the pig intestinal bile acid transport process was confirmed by 
the addition of valinomycin (an ionophore specific to K+). Valinomycin has been 
found to increase the K+ conductance of lipid membranes, which leads to an increase 
in electrical diffusion potential across the brush border membrane with the interior of 
the vesicles becoming increasingly negative. If the transport process was an 
electrogenic process, the addition of valinomycin to K+ loaded BBMV would lead to 
an increased rate in secondary active taurocholate uptake, whilst an electroneutral 
transport process would not be affected by the increased electronegativity (Wilson, 
1981 ). 
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Out = Presence of a cation or valinomycin in the uptake media, on the outside of the BBMV 
Loaded = Presence of a cation or valinomycin in the interior of the BBMV, therefore the BBMV were 
pre loaded 
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BBMV were isolated from pig ileum, as described in the methods section. For the pre loaded 
BBMV, 100 mM of the cation was added to 300 mM mannitol, 0.1 mM MgS04, 20 mM 
HEPES!Tris pH 7.4 and the BBMV were resuspended within the fore mentioned buffer. 
Valinomycin was added to the uptake buffer (1 00 mM mannitol, 100 mM of Na + or K , 100 
f.lM 3 H taurocholate (37Kbq) , 20 mM HEPES!Tris pH 7.4) or preloaded BBMV at the 
concentration of 1 f.lg of valinomycin/ 1 f.lg of protein. Each point represents the mean .± 
S.D. for nine determinations. 
In this study, the addition of valinomycin to BBMV loaded with K+ did not lead to 
any significant increase in the rate of taurocholate transpmt in the presence of N a+ 
(figure, 1 0.6). Therefore, despite K+ passing out of the BBMV (via the pore created 
by valinomycin) which increased the electronegativity of the interior of the BBMV, 
there was no observed increase in the rate of taurocholate uptake. These findings 
supported an electroneutral mechanism for taurocholate transport in pig ileum and 
correlate with previous studies (Rouse and Lack, 1979; Wilson, 1981 ; Barnard and 
Ghishan, I 987) and with the Hill Plot data (Figure 1 0.5). 
Furthermore, the addition of valinomycin to unloaded BBMV did not result in an 
increase in taurocholate uptake in the presence of K+. It was possible that the 
observed elevated uptake of taurocholate (above passive diffusion) in the presence of 
K+ was due to K+ passing through the brush border membrane K+ channel, which 
resulted in a change of electrochemical potential across the membrane. This change in 
electrochemical potential could have been sufficient to induce elevated uptake of 
taurocholate. However, figure 10.5 showed that an increase in membrane potential 
did not stimulate taurocholate uptake in the presence of K+ to any great degree. This 
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indicated that it was the process of K+ passing through the ileal Na+/ bile acid co-
transport protein that stimulated secondary active transport of taurocholate. 
To confirm that bile acid transport was an electroneutral process, taurocholate 
transport was investigated in the presence of a range of anions. If the bile acid 
transport mechanism was an electrogenic process, the presence of more permeable 
anions would have led to an increase in Na + dependent taurocholate uptake (Mullins, 
1992). 
Table 10.2 (below), showed that altering the anion coupled to the cation did not 
result in any significant difference in taurocholate uptake in the presence of either Na + 
or K+. The ratio of the rate of Na + to K+ dependent taurocholate uptake, in the 
presence of the different anions, was on average 1.8 which corresponded to previous 
findings in this study, that the rate ofNa+ dependent taurocholate uptake was 2-3 fold 
higher compared to K+ dependent taurocholate uptake. Therefore this data confirmed 
that taurocholate transport in pig ileum was an electroneutral transport process as 
shown in previous work using pig small intestine (Mullins et al., 1992). 
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Table 10.2, The effect of different anions on secondary active taurocholate 
transport 
Anion Na + (pmol/mgprot/s) K+ (pmoVmgprot/s) Ratio of the rate of 
uptake between 
Na+ and~ 
Chloride 29 ± 0.5 12.5 ± 1.2 2.32 
Glutamate 21 ± 1.2 13.3 ± 5.6 1.57 
Thiocyanate 19 ± 6.9 16.9 ± 7.9 1.12 
Nitrate 23.5 ± 6.4 12.8 ± 5.3 1.83 
Isethionate 21.9 ± 6.9 12 ± 6.6 1.83 
BBMV were isolated from pig ileum as described in the methods section. Taurocholate 
uptake was measured in the presence of 100 pM 3H taurocholate (37 Kbq), 100 mM 
mannitol, 20 mM HEPES/Tris pH 7. 6 and 100 mM of the respective cation salt. Uptake was 
measured over 10 seconds at 3'?C and the reaction was stopped with the addition of I ml ice 
cold solution. Each point represents the mean± S.D. for nine determinations. 
10.5 Bi-directional transport of taurocholate 
Computer modelling of the ileal N a+ /bile acid co-transport protein has revealed that 
the potential cation and bile acid binding sites present on the transport protein occur 
on both the intracellular and extracellular sides of the transport protein (Antoniw and 
Mullins, unpublished data). Therefore, it was proposed that the pig ileal Na+/bile acid 
co-transport protein might be able to transport bile acids into and out of the cell 
depending on the direction of the cation gradient. 
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Table's 10.3-10.5, Bi-directional transport of taurocholate in the presence of 
either Na +, K+ or choline 
Na+ Before the After addition Amount of 3H TC After Amount of 3H 
addition of ofNa+ to the transported out of addition of TC transported 
the uptake outside of the theBBMV mannitol out of the BBMV 
media BBMV (pmollmg prot/s) to the (pmollmg prot/s) 
outside of 
BBMV 
Amount of 3H TC 152 ± 20 127 ± 20 2.5 96 ± 10 5.6 
left inside the pre-
loaded BBMV 
(pmol/mg prot) 
Amount of 3H TC 59± 15 47 ± 15 1.2 25 ± 12 3.4 
left inside the 
transported BBMV 
{I>mol/mg prot) 
~ Before the After addition Amount of 3H TC After Amount of 3H 
addition ofNa+ to the transported out of addition of TC transported 
of the outside of the theBBMV mannitol out of the BBMV 
uptake BBMV (pmol/mg prot/s) to the (pmol/mg prot/s) 
media outside of 
BBMV 
Amount of 3H TC 61 ± 18 47 ± 18 1.4 32 ± 6 2.9 
left inside the pre-
loaded BBMV 
(pmol/mg prot) 
Amount of 3H TC 22 ± 3 18 ± 3 0.4 5 ± 0.4 1.8 
left inside the 
transported BBMV 
JQ_mol/mg prot) 
Choline Before the After addition Amount of 3H TC After Amount of 3H 
addition ofNa+ to the transported out of addition of TC transported 
of the outside of the theBBMV mannitol to out of the BBMV 
uptake BBMV (pmollmg prot/s) the outside (pmollmg prot/s) 
media ofBBMV 
Amount of 3H TC 48 ± 12 45 ± 12 0.3 40 ± 10 0.8 
left inside the pre-
loaded BBMV 
(e_mollmg prot) 
Amount of 3H TC 15 ± 0.5 8 ± 0.5 0.7 10 ± 1.2 0.5 
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For the 'pre-loaded BBMV', the BBMV were preloaded with either 100 mM Nact, KCl or 
choline chloride and 100 pM 3H taurocholate (37 Kbq), 100 mM mannitol, 0.1 mM MgS04 , 
20 mM HEPES/Tris pH 7.4. The BBMV were preloaded by resuspension of the freshly 
isolated brush border membrane pellet in the respective cation solution. After resuspension, 
the brush border membranes were snap frozen in liquid nitrogen to produce BBMV which 
contained 100 mM of the respective cation and 100 pM of3 H taurocholate. 
For the 'transported BBMV', the BBMV were placed at 3'?C in 20pl of 100 pM 3H 
taurocholate (37 Kbq), 100 mM mannitol, 20 mM HEPES/Tris pH 7.4 in the presence of 
either 100 mM NaCI, KCl or choline chloride. The reaction was allowed to proceed for 1 
hour to allow the cations and taurocholate to be transported into the BBMV. 
To both sets of BBMV, 100 pi of uptake buffer was added which contained either 100 mM of 
mannitol, which resulted in an outwardly directed cation gradient or 100 mM of the same 
cation present inside the BBMV, which resulted in no cation gradient. The uptake buffer 
also contained 100 pm of non radioactive taurocholate, to limit the passive diffusion of 
taurocholate out of the BBMV. 
The reaction was allowed to proceedfor 10 seconds, after which the reaction was stopped by 
the addition of 1m/ of ice cold solution. The experiment then continued in the standard 
procedure as described in the methods section 7.2.1. Each point represents the mean .± S.D. 
for nine determinations. 
Table's 10.3-5 showed, that in the presence of all three cations there was some 
transport of taurocholate out of the BBMV, when compared to the amount of 3H 
taurocholate initially present in the BBMV before the addition of the uptake media. 
In the absence of an outwardly directed cation gradient there was only a low rate of 
taurocholate transport out of the BBMV, which was most likely to represent passive 
diffusion of taurocholate. In the presence of an outwardly directed cation gradient, 
there was a greater rate of taurocholate transport out of the BBMV but only in the 
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presence of either aNa+ or K+ gradient. This observation indicated that the presence 
of an outwardly directed Na+ or K+ gradient was essential for the bi-directional 
transport of taurocholate. However, the rate of taurocholate transport out of the 
BBMV was greatly reduced when compared to taurocholate transport into the BBMV, 
which is normally around 25 pmollmg prot/s for Na+ and 13 pmol/mg prot/s forK+. 
The observation of bi-directional transport of bile acids in the presence of Na + 
corresponds to previous findings (Craddock eta/., 1998), though the use of K+ for bi-
directional taurocholate transport has not been observed before. 
10.6 Summary 
From the findings of this study, it can be proposed that secondary active intestinal bile 
acid transport in the presence of N a+ and K+ occurs by the same intestinal bile acid 
co-transport protein. 
Values obtained from the inhibition and kinetics data were similar to previous 
observations of the Na+/bile acid co-transport protein, with the exception of the 
consistent observation of stimulated transport in the presence of K+. This finding 
indicated that the ileal Na+/bile acid co-transport protein appeared to be able to utilise 
K+ in secondary active transport ofbile acids. 
However, K+ dependent transport was 2-3 fold slower when compared to Na+. This 
reduced rate in the presence of K+ appeared not to be due to the affinity of the cations 
for the transport protein or a difference in the stoichiometry of the transport process. 
Transport rates in the presence of a range of cations appeared to be dependent on the 
size of the cation being transported. Cations that had a radius of 1A stimulated 
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maximal rate of secondary active bile acid uptake, though cations which had radii 
between 0.8 - 1.33A still stimulated taurocholate uptake but to a lesser degree. 
From these transport studies, it was concluded that rather than being a strictly Na + 
dependent process, the pig ileal Na+/bile acid co-transport merely displays a strong 
preference for Na+ and can also utilise other cations (such asK+) as a driving force. 
Furthermore, the ileal Na+/bile acid co-transport protein can transport taurocholate 
into and out of the BBMV, in a bi-directional manner. 
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CHAPTER ELEVEN: 
11. The expression of the N a+ /bile acid co-transport protein in Xenopus laevis 
oocytes 
In this study, Xenopus laevis oocytes were used to functionally characterise the 
mRNA that codes for the Na+/bile acid co-transport protein. The oocytes were 
used as a protein expression system in order to investigate the functional 
characteristics of the Na+/bile acid co-transport protein. Previous studies have 
used the oocyte expression system to study intestinal D-glucose transport (Wright 
et a!., 1992), a renal ascorbic acid transporter (Dyer et a!., 1994 ), intestinal bile 
acid transport (Mullins et a/.,1992; Sorscher et a/.,1992) and a Na+/H+ exchanger 
(Busch et al., I 995). 
11.1 Isolation of RNA and mRNA from pig small intestine 
In order to investigate the functional characteristics of the Na+/bile acid co-
transport protein by expression in Xenopus laevis oocytes, undegraded mRNA 
needed to be isolated from the rest of the RNA, DNA and proteins present in 
intestinal enterocytes. The RNA was isolated using phenol/chlorofonn extraction 
(as described in section 7.2.3.2 of the methods chapter) and mRNA was then 
isolated from the total RNA by oligo(dT) cellulose (as described in section 7.2.3.3 
of the methods chapter). Electrophoresis of the isolated RNA and mRNA 
determined whether the RNA and mRNA had been isolated from the pig intestine 
in an intact form. 
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11.2 Expression of the ileal Na +/bile acid co-transport protein in Xenopus 
laevis oocytes 
Ileal mRNA was injected into Xenopus laevis oocytes, to determine if the 
translation of ileal mRNA resulted in the elevated uptake of taurocholate in the 
presence ofNa+ and K+. If elevated uptake of taurocholate, in the presence ofNa 
and K+, occurred in oocytes injected with ileal mRNA, this would show that the 
ability of a transport process that utilised both cations was encoded by ileal 
mRNA. 
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To each Xenopus /aevis oocyte, 40-50 ng of ileal mRNA (1 pg/pl) was injected, with 46 
nl of water injected into oocytes to act as a control. The oocytes were maintained/or 4-5 
days in a modified Earths solutions (89 mM Nact, 2.4 mM NaHCOJ,15 mM HEPES/1M 
NaOH pH 7.6, 0.3 mM CaN03 ,0.41 mM CaC/2, 0.82 mM MgS04) as described in the 
methods section. After a 5 day incubation the oocytes were incubated at 30° Cfor 1 hour 
in a choline chloride based Barths solution (92.9 mM choline chloride, 15 mM 
HEPES/Tris pH 7. 6) in order to remove any Na + or K inside the oocytes. Upon removal 
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of the choline chloride Earths solution, the corresponding mod~fied Earths solutions 
containing either Na+ (89 mM NaCI, 2.4 mM NaHC03 , 15 mM HEPES/1M NaOH pH 
7.6, 0.3 mM CaN03 , 0.41 mM CaCl2. 0.82 mM MgS04), K (89 mM KCl, 2.4 mM 
KHC03, 15 mM HEPES/JM KOH pH 7.6, 0.3 mM CaN03, 0.41 mM CaCI). 0.82 mM 
MgS04), or choline (92.9 mM choline chloride, 15 mM HEPES!Tris pH 7.6) along with 
I 00 pM 3 H taurocholate, (3 7 Kbq) was added to each group of oocytes. 
For each group, 20 mRNA injected and 10 water injected oocytes were incubated for 1 
hour in the corresponding Earths solution and then the reaction stopped by the addition 
of ice cold stop solution (92.9 mM choline chloride, 15 mM HEPES!Tris pH 7.6, 1 mM 
taurocholate). An anova statistical test was carried, with the rate of taurocholate uptake 
in the presence of Na + and K compared to the rate of taurocholate transport in the 
presence of choline. 99% sign~ficance = **, 99.9% significance = *** 
As can be seen in figure 11.1, there was elevated uptake of taurocholate in the 
presence of Na+ and K+, when compared to choline, which correlated to the 
previous findings using ileal BBMV (figure 9.2). The rate of elevated uptake of 
taurocholate in the presence of Na+, corresponded to previous findings (Mullins 
eta/., 1992). 
The elevated uptake of taurocholate in the presence of K+, had not been observed 
in previous investigation into expression of ileal mRNA in oocytes (Mullins et 
a!., 1992; Sorscher et a/., 1992). This finding indicated that ileal mRNA coded 
for a transport process that was able to utilise K+ in taurocholate uptake. However, 
the observation of elevated uptake of taurocholate, in the presence of N a+ and K+, 
did not indicate whether one or more than one transport process was being 
expressed. 
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11.3 Further characterisation of taurocholate transport by Xenopus laevis 
oocytes 
To determine if more than one bile acid transport process was translated from the 
ileal mRNA, further investigation of the functional characteristics of taurocholate 
transport in the presence ofNa+ and K+ was required. 
11.3.1 Inhibition of taurocholate transport by taurodeoxycholate 
In this study, the uptake of taurocholate into oocytes was measured in the presence 
of either 100 !J.M 3H taurocholate, or I 00 !J.M 3H taurocholate and 1 mM 
taurodeoxycholate. Taurocholate transport was measured in the presence of either 
Na+, K+ or choline, in order to determine if taurocholate transport in the 
attendance of Na+ or K+ demonstrated similar patterns of inhibition observed in 
the BBMV work (chapter I 0). 
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40-50 ng of ileal mRNA (1 pglf..d) was injected into each oocyte, with 46 nl of water 
injected into control oocytes. The oocytes were maintainedfor 4-5 days in a mod~fied 
148 
RESULTS & DISCUSSION 
Earths solutions (89 mM NaCI, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH pH 7.6, 0.3 
mM CaN03 , 0.41 mM CaCl2. 0.82 mM MgS04) as described in the methods section. 
After 5 days the oocytes were incubated at 30° Cfor 1 hour in a choline chloride based 
Earths solution (92.9 mM choline chloride, 15 mM HEPES/Tris pH 7.6) in order to 
remove any Na + or K within the oocytes. Upon removal of the choline chloride Earths 
solution, the corresponding modified Earths solutions containing either Na + (89 mM 
NaCI, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH pH 7.6, 0.3 mM CaN03, 0.41 mM 
CaCl2. 0.82 mM MgS04), K (89 mM KCl, 2.4 mM KHC03 , 15 mM HEPES/1M KOH 
pH 7.6, 0.3 mM CaN03 , 0.41 mM CaCl2. 0.82 mM MgS04) or choline (92.9 mM choline 
chloride, 15 mM HEPES!Tris pH 7.6) was added to each group of 20 mRNA injected 
oocytes and 10 water injected oocytes. Oocytes were then assayed in the presence of 
either 100 p.M 3H taurocholate (37 Kbq) or 100 p.M 3H taurocholate (37 Kbq) and 1 mM 
taurodeoxycholatefor 1 hour, after which the reaction was stopped by the addition of ice 
cold stop solution (92.9 mM choline chloride, 15 mM HEPES/Tris pH 7.6, 1 mM 
taurocholate). An anova test was carried, comparing the rate of taurocholate inhibition 
by the addition of taurodeoxycholate, in the presence of either Na +,K or choline, 95% 
sign~fiance = *. 
The addition of another bile acid, in this case taurodeoxycholate, had the effect of 
reducing taurocholate uptake by 53% in the presence of Na+ and 58% in the 
presence of K+ (figure 11.2), whilst taurocholate uptake in the presence of choline 
was not significantly inhibited by the addition of taurodeoxycholate. These levels 
of inhibition observed in the oocytes were slightly lower than that observed in 
ileal BBMV (Na+ = 71% inhibition in BBMV, compared to 53% in oocytes, K+ = 
72% inhibition in BBMV, compared to 58% in oocytes). However, this trend was 
also observed in previous studies comparing the effect of taurodeoxycholate 
inhibition on Na+ dependent taurocholate uptake into pig ileal BBMV and oocytes 
injected with pig ileal mRNA (Mullins, 1992). 
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The similar levels of taurocholate inhibition observed in the presence ofboth Na+ 
and K+ supported the indications of the work in BBMV, that the same transport 
process appeared to be able to utilise both Na+ and K+ for active bile acid 
transport. 
11.3.2 Kinetic analysis of taurocholate transport. 
The previous chapter of results (chapter 1 0) reporting substrate kinetics of the 
Na +/bile acid co-transport protein in ileal BBMV, showed that at taurocholate 
concentrations above 500 11M, the co-transport protein had reached saturation 
point. Therefore, in the oocyte protein expression experiments, analysis of the 
substrate dependence of taurocholate uptake by ileal mRNA injected oocytes was 
undertaken by varying the concentration of taurocholate over a range of 1 0 - 500 
Figure 11.3A, Substrate dependence of taurocholate transport in the presence 
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40-50 ng of ileal mRNA (I pg/pl) was injected into each of 400 oocytes, with 46 nl of 
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water injected into a further 210 oocytes. The oocytes were maintained for 4-5 days in a 
modified Earths solutions (89 mM NaCl, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH 
pH 7.6, 0.3 mM CaN03, 0.41 mM CaCl2, 0.82 mM MgS04) as described in the methods 
section. After 5 days the oocytes were incubated at 30° C for 1 hour in a choline chloride 
based Earths solution (92.9 mM choline chloride, 15 mM HEPES/Tris pH 7.6) in order 
to remove any Na + or K inside the oocytes. Upon removal of the choline chloride Earths 
solution, the corresponding modified Earths solutions containing either Na + (89 mM 
NaCl, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH pH 7.6, 0.3 mM CaN03 , 0.41 mM 
CaC12, 0.82 mM MgS04), K (89 mM KCl, 2.4 mM KHC03, 15 mM HEPES/1 M KOH 
pH 7.6, 0.3 mM CaN03, 0.41 mM CaCl2. 0.82 mM MgS04) or choline (92.9 mM choline 
chloride, 15 mM HEPES/Tris pH 7.6) was added to each group of oocytes. Furthermore, 
there was the addition of 3H taurocholate at concentrations of 10, 20, 50, 100 , 200 or 
500 J1M. For each concentration of taurocholate, 20 mRNA injected and 10 water 
injected oocytes were incubated for 1 hour in the presence of Na +, K or choline. The 
reaction was stopped by the addition of ice cold stop solution (92.9 mM choline chloride, 
15 mM HEPES/Tris pH 7. 6, 1 mM taurocholate) 
The data is presented as V vs [S] relationships (Fig. 11 . 3A) and as Hanes- Woo({ plots 
[S]Iv vs [S} (Fig. 1 1.3B). 
The substrate dependence of taurocholate transport in ileal mRNA injected 
oocytes (figure 11.3A) demonstrated a similar profile to that observed in ileal 
BBMV (chapter 1 0). Taurocholate uptake in the presence of choline rose linearly 
as the concentration of taurocholate was increased, which was indicative of 
passive diffusion. Taurocholate transport in the presence of Na+ and K+ both 
displayed saturation kinetics, with the rate of taurocholate reaching a maximum at 
500 ~M. 
The uptake rates due to passive diffusion were then subtracted from the combined 
uptake (due to all transport processes) in order to obtain results for Na+ and K+ 
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dependent transport processes. These results were plotted as a Hanes-Woolf plot 
(figure, 11.3B) and the kinetic constants calculated. 
Figure 11.3B, Hanes-Woolf plot of taurocholate transport in the presence of 
Na+ and K+ 
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The kinetic constants for taurocholate uptake (figure ll.3B) in the presence of I 00 
mM Na+ or K+ were as follows; Vmax = 35 pmol/oocyte/hr, Km = 20 ).!Min the 
presence of Na +, Vmax= 16.6 pmol/oocyte/hr, Km = 20 ).!M in the presence of 
The Vmax ofNa+ dependent taurocholate transport in the presence of oocytes was 
35 pmolloocyte/hr (25 pmol/mg prot/s in ileal BBMV). The Vmax of K+ 
dependent taurocholate uptake in oocytes was 16.6 pmol/oocyte/hr (8.8 pmol/mg 
prot/s in ileal BBMV). The relationship between Vmax of taurocholate transport 
in the presence of the two cations corresponded to previous results observed in 
BBMV studies, with the Vmax for Na+ dependent taurocholate transport being 2-3 
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fold higher than K+ dependent taurocholate transport. This observation was a 
further indication that the same transport protein could utilise both Na + and K+ for 
secondary active transport of taurocholate. 
The affinity data for taurocholate uptake into oocytes in the presence of Na+ 
corresponded to the previous data observed in ileal BBMV (chapter 1 0), the Km 
for taurocholate was 20 J.!M in ileal BBMV and ileal mRNA injected oocytes. The 
identical Km values indicated that the same transport process was being studied in 
both ileal BBMV and oocytes. However, the affinity of taurocholate for the 
transport protein was higher in oocytes (20 J.!M) than in BBMV (60 J.!M). This 
discrepancy between the Km could be due to using two different transport models. 
In previous work, different Km values have been obtained when studying the 
Na+/bile acid co-transport protein. A Km between 12-23 J.!M was observed for 
Na + dependent uptake in perfused rat intestine (Schiff et a/., 1972), and a Km of 
33J.!M was demonstrated in COS cells, expressing the hamster Na+/bile acid co-
transport protein in the presence ofNa+ (Wong et a/.,1994). Furthermore, previous 
investigation into the kinetics of the pig Na +/bile acid co-transport protein 
revealed a Km of 48J.!M in oocytes compared to 40J.!M in BBMV (Mullins eta/., 
1992). 
Though there were some discrepancies in Km between BBMV and expression 
studies, the observation of identical Km's for both Na+ and K+ dependent 
taurocholate uptake into oocytes provided further evidence that the same transport 
process was able to utilise both cations for active transport. 
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11.3.3 Cation dependency of taurocholate transport in the presence of Na +, 
K+ and choline. 
The effect of varying the cation concentrations of Na+ and K+ was investigated 
over a 0-1 00 mM range. The cation concentration could not be investigated above 
100 mM because this would have meant the removal of all the HEPES within the 
solution, which would have affected the osmolarity and pH of the solution. 
Figure 11.4 Hanes Woolf plot of taurocholate transport in the presence of 
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40-50 ng of ileal mRNA (1 pg/pl) was injected into oocytes, with 46 nl of water injected 
into a further 120 oocytes. The oocytes were maintained for 4-5 days in a modified 
Earths solutions (89 mM NaCl, 2.4 mM NaHC03 .15 mM HEPES/1M NaOH pH 7.6, 0.3 
mM CaN03 , 0.41 mM CaCh 0.82 mM MgS04) as described in the methods section. 
After 5 days the oocytes were incubated at 30° Cfor 1 hour in a choline chloride based 
Earths solution (92.9 mM choline chloride, 15mM HEPES/Tris pH 7.6) in order to 
remove any Na + or K within the oocytes. Upon removal of the choline chloride Earths 
solution, the corresponding mod(fied Earths solutions containing either Na + or K was 
added. Taurocholate uptake was assayed in the presence of 0, 20, 40, 60, 80 and 100 mM 
of either NaCl or KCl and 15 mM HEPES/Tris pH 7. 6. Varying the concentrations of 
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choline chloride maintained the standard osmolarity of 107.93 mM To each group of 
oocytes 100 pM 3H taurocholate (37 Kbq) was also added. 
For each cation concentration, 20 mRNA injected and 10 water injected oocytes were 
incubated for I hour in the presence of Na +, K or choline. The reaction was stopped by 
the addition of ice cold stop solution (92.9 mM choline chloride, I5 mM HEPES/Tris pH 
7. 6, I mM taurocholate) . The rates of passive bile acid d~ffusion were subtracted from 
each data point. 
The cation dependence data for taurocholate transport in ileal mRNA injected 
oocytes (figure 11.4) demonstrated a similar kinetic profile to that observed in 
ileal BBMV. The maximal velocity of secondary active bile acid transport was 
elevated in the presence of Na+ (27.5 pmol/mg prot/s in BBMV; 100 
pmol/oocyte/hr) when compared to K+ (12.7 pmol/mg prot/s in BBMV; 59.5 
pmolloocyte/hr). In both the oocytes and BBMV, the maximal velocity of Na + 
dependent taurocholate was approximately 2 fold when compared to K+ dependent 
taurocholate transport. 
The Km for secondary active taurocholate transport in mRNA injected oocytes 
differed slightly from that observed in ileal BBMV. With taurocholate transport 
into oocytes the Km was 20 mM in the presence of Na+ and 25 mM in the 
presence of K+ compared to 55 mM in ileal BBMV in the presence of both 
cations. These discrepancies in Km between oocytes and BBMV were also 
observed in the previous taurocholate substrate kinetics (section 11.3.2), and may 
be due to differences in membrane composition. As previously mentioned, other 
studies has shown that the affinity of the transport process can vary between 
different transport models (Wilson, 1981 ). Therefore, the difference in Km 
between saturation kinetics in the BBMV and oocytes, was not sufficient to 
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indicate two different transport processes, so it can be concluded that the same 
transport protein was being investigated. 
Therefore, further investigation into the functional characteristics of the ileal 
mRNA coding for taurocholate uptake in the presence of Na + and K+, indicated 
that the same transport process was using both cations for secondary active 
taurocholate uptake and that this transport process is conducted by the ileal 
Na+/bile acid co-transport protein. 
11.3.4 Regional distribution of mRNA encoding the Na +/bile acid co-
transport protein 
To determine whether taurocholate transport in oocytes displayed a similar 
regional distribution profile to Na+/ bile acid co-transport observed in BBMV, 
isolated pig duodenal, jejunal and ileal mRNA's were injected into Xenopus laevis 
oocytes. 
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Figure 11.5, Distribution of taurocholate transport in Xenopus laevis oocytes 
injected with intestinal mRNA 
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To each Xenopus laevis oocytes, 40-50 ng of either duodenal, j ejunal or ileal mRNA (1 
pg/pl) was injected into each oocyte, with 46 nl of water injected into oocytes to act as a 
control. The oocytes were maintained for 4-5 days in a modified Earths solutions (89 
mM NaC!, 2.4 mMNaHC03,J5 mM HEPES/1MNaOHpH 7. 6, 0.3 mMCaN0 3, 0.41 mM 
CaC/2, 0. 82 mM MgS04) as described in the methods section. After 5 days incubation the 
oocytes were incubated at 30° C for 1 hour in a choline chloride based Earths solution 
(92.9 mM choline chloride, 15 mM HEPES!Tris pH 7. 6) in order to remove any Na+ or 
K inside the oocytes. Upon removal of the choline chloride Earths solution, the 
corresponding modified Earths solutions containing either Na + (89 mM NaC!, 2. 4 mM 
NaHC03, 15 mM HEPESIJM NaOHpH 7.6, 0.3 mM CaN03, 0.41 mM CaCh 0.82 mM 
MgS04) , K (89 mM KCl, 2.4 mM KHC03, 15 mM HEPES/1M KOH pH 7. 6, 0.3 mM 
CaN03 , 0.41 mM CaCl2. 0.82 mM MgS04) , or choline (92.9 mM choline chloride, 
15mM HEPES!Tris pH 7.6) along with 100 pM 3H taurocholate (37 Kbq), was added to 
each group of oocytes. 
For each group, 20 mRNA injected and 10 water injected oocytes were incubated for 1 
hour in the corresponding Earths solution and then the reaction stopped by the addition 
of ice cold stop solution (92. 9 mM choline chloride, 15 mM HEPES/Tris pH 7. 6, 1 mM 
taurocholate) . 
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Figure 11 .5 showed that the expression of mRNA isolated from all thr r 10ns 
of the small intestine resulted in elevated uptake of taurocholate above passive 
diffusion levels, represented by uptake in the presence of choline. Uptake in the 
presence of Na+ was greatly elevated in the duodenum and ileum but less so in the 
jejunum, whilst taurocholate uptake in the presence of K+ wa elevated above 
passive diffusion levels, in all three regions of the small intestine. In BBMV only 
passive diffusion of taurocholate was observed in the duodenum and jejunum in 
the presence of Na+ because the Na+/bile acid co-transport protein wa not 
expressed in these regions of the small intestine. However, the finding that Na + 
dependent taurocholate transport occurs in oocytes upon injection of pig duodenal , 
jejunal or ileal mRNA has been observed in previous studies u ing pig mRNA 
isolated from the three regions of the small intestine. In that study, it was proposed 
that the mRNA encoding the Na+/bile acid co-transport protein was present 
throughout the small intestine, but was only translated into a functional protein in 
the ileal enterocytes (Mullins eta!., 1992). 
The elevated uptake of taurocholate in the presence of K+ observed in the oocytes 
injected with ileal mRNA corresponded to the findings observed in the ileal 
BBMV and figure 11 .1 of this chapter. These results suggest that ileal 
taurocholate transport in the presence of K+ is occurring by the Na +/bile acid co-
transport protein. 
However, in this study the rate of taurocholate uptake in the jejunum, in the 
presence of Na+, was reduced compared to the previous work investigating 
regional distribution of mRNA encoding the Na +/bile acid co-transport protein 
(Mullins et al., 1992). Therefore, it was possible that in this study the jejunal 
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uptake of taurocholate was due to another transport process and not the expression 
of the Na+/bile acid co-transport protein. This observation was supported by the 
increased rate of jejunal taurocholate transport in the presence of K+, which was 
above the rate of uptake in the presence of Na +. This elevated uptake of jejunal 
taurocholate transport in the presence of K+ had also been observed in the BBMV 
(figure 9.2). Therefore, the elevated uptake of taurocholate in the jejunum 
observed in this study could be due to a bile acid carrier mediated process, which 
has been observed in other studies, using guinea pigs and rats (Lewis and Root, 
1990; Amelsberg eta/., 1995). 
11.4 Investigation of whether the same gene codes for Na +dependent and K+ 
dependent bile acid transport processes. 
The results obtained using ileal BBMV and ileal mRNA injected oocytes indicated 
that the active transport of taurocholate could occur in the presence of both Na+ 
and K+. The kinetic and inhibition studies gave a good indication that the same 
transport process, namely the ileal Na+/bile acid co-transport protein, was 
responsible for bile acid transport in the presence of both Na+ and K+. However, 
these observations could not definitely be attributed to the activity of a specific 
transport protein. In order to further detennine if only one specific transport 
protein was using both Na+ and K+ for secondary active bile acid transport, the 
gene encoding the transport protein was investigated by means of translation 
hybrid arrest using a known eDNA to block the translation of mRNA. 
159 
RESULTS & DISCUSSION 
11.4.1 Translation hybrid arrest of the pig intestinal bile acid co-transport 
protein by a eDNA encoding the hamster Na+/bile acid co-transport protein 
Previous work had shown that pre-incubation of mRNA with a specific eDNA 
clone encoding a type I iodothyronine 5'-deiodinase from rat liver, inhibited 
translation of 5'-deiodinase activity in oocytes, with the eDNA hybridising to a 
1.9 Kb RNA (StGermain eta!., 1990). 
In this study, pig ileal mRNA was pre-incubated with a eDNA clone that encoded 
the hamster Na+/ bile acid co-transport protein (a kind gift from Paul Dawson), 
which had been proposed to be totally dependent on aNa+ gradient (Wong eta!., 
1994; Dawson, 1994). 
If the eDNA probe annealed to the gene encoding the pig Na+/bile acid co-
transport protein, then that gene would not be translated into its corresponding 
protein. The absence of the Na+/ bile acid co-transport protein would result in only 
passive diffusion levels of taurocholate uptake into the oocytes. Pre-incubation of 
mRNA with the hamster eDNA would not affect the rates of passive diffusion, so 
taurocholate transport in the presence of choline would not be affected . 
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Figure 11.6, Effect of a eDNA encoding the hamster ileal bile acid co-
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2 pg of ileal mRNA (1 pg/p l) was pre-incubated with 4 pg of eDNA in 10 mM Tris/HCl, 
100 pM NaClfor 70 °C for 5 minutes and then 55°C for 20 minutes. The mRNA and 
eDNA were rapidly cooled on ice. In addition, for a positive control, 2 pg of mRNA was 
pre-incubated with only 10 mM Tris/HCl. 100 pM NaCl (no eDNA). 
To 60 Xenopus laevis oocytes, 40-50 ng of ileal mRNA (1 pglpl) was injected into each 
oocyte, with 46 nl of water injected into a further 30 oocytes for the standard negative 
control. For hybrid arrest studies, 40-50 ng of ileal mRNA /eDNA complex was injected 
into 60 oocytes, with 46 nl o.fwater injected into 30 oocytes. For the positive control, 60 
Xenopus laevis oocytes were injected, with 40-50 ng of ileal mRNA and eDNA buffer (no 
eDNA), with 46 nl of water injected into 30 oocytes. Experiments in the presence o.f Na +. 
K and choline were carried out as previously described. Statistical analysis was carried 
using the excel anova test. The difference in taurocholate uptake between oocytes only 
injected with mRNA and oocytes injected with mRNA/cDNA were compared, in the 
presence of all three cations. Furthermore, the statistical difference between 
taurocholate uptake into oocytes injected with mRNA and those injected with mRNA and 
eDNA buffer was compared. 99%sign[fiance = **, 99.9%signifiance = *** 
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As shown in figure 11.6, oocytes injected with ileal mRNA agam exhibited 
increased taurocholate uptake in the presence of Na + and K+, when compared to 
taurocholate uptake in the presence of choline. Comparison between oocytes 
injected with mRNA and oocytes injected with mRNA and eDNA buffer (positive 
control) did not show any significant difference in taurocholate uptake. This 
showed that pre-incubation of mRNA at 70°C with the Tris/HCl, NaCl buffer, did 
not affect the mRNA and it was still translated, upon injection, to the 
corresponding proteins. 
However, taurocholate uptake into oocytes injected with the mRNNcDNA 
complex had a lower rate of uptake compared to oocytes only injected with the 
mRNA, with uptake being reduced to passive diffusion levels in the oocytes 
injected with the mRNNcDNA complex. This finding, supports the hypothesis 
that translation arrest of the ileal Na+/bile acid co-transport protein has occurred 
by the addition of the hamster eDNA and that taurocholate uptake in the presence 
ofNa+ and K+ are both affected. 
However, the standard deviation between the group of occytes only injected with 
mRNA and the group of oocytes injected with the mRNNcDNA complex 
overlaps and therefore can not be determined to be significant. In order to 
determine if the difference in uptake between the mRNA injected oocytes and the 
mRNNcDNA injected oocytes was significant, statistical analysis of the data was 
performed, using a anova test. The anova test showed that in the presence of Na + 
and K+ there is a significant difference between taurocholate uptake into oocytes 
injected with just mRNA and oocytes injected with the mRNA/cDNA complex. 
The difference in taurocholate uptake in the presence of choline between the two 
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sets of oocytes are not significantly different, shown by the P value for the data 
being higher that 0.05% This findings shows that the addition of the hamster 
eDNA coding for the Na+/bile acid co-transport protein has bound to and 
prevented the translation of the corresponding region of mRNA coding for the pig 
ileal Na +/bile acid co-transport protein. Furthermore, the abolishment of 
taurocholate transport in the presence of Na + and K+, to that of passive diffusion 
levels, again indicates that the same transport protein utilise both these cations for 
secondary active transport. 
However, this experiment did not take into account the possibility that the hamster 
eDNA was binding to, so thereby preventing translation, of more than one gene 
coding for proteins involved in the transport of bile acids. There is a slight 
possibility that two or more different transport proteins could be responsible for 
secondary active transport in the presence of either Na + or K+ , but have high 
sequence homology and so have been inactivated by the presence of the hamster 
ileal eDNA probe. 
Therefore, from the hybrid arrest data it appeared that Na+ and K+ dependent 
taurocholate uptake occurred via the Na +I bile acid co-transport protein, which 
previous studies had determined to be strictly dependent on Na +. This provided 
further evidence that the pig intestinal Na+/bile acid co-transport does not have a 
strict dependence on Na +. 
11.4.2 Effect of a eDNA encoding the hamster ileal bile acid co-transport 
protein on methyl-a-D-glucopyranoside transport 
To determine that the hamster eDNA was not rendering all the genes that were 
coded by the mRNA inactive, another transport process was investigated. Pre-
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incubated pig ileal mRNA/cDNA was injected into oocytes, which were then 
assayed for methyl -a-D-glucopyranoside transport and compared to methyl -a-D-
glucopyranoside transport into oocytes injected only with pig ileal mRNA. 
Methyl-a-D-glucopyranoside was used for the characterisation of the Na+ 
dependent D-glucose transport system by the SGLTl protein. Methyl-a-D-
glucopyranoside was used in the expression system instead of D-glucose because 
Methyl-a-D-glucopyranoside is a non metabolised hexose which can be 
transported by the Na+ dependent D-glucose co-transport protein, SGLTl 
(Hediger et al. , 1987). If D-glucose was used in the oocyte expression system, the 
sugar would become rapidly hydrolysed and undetectable. 
Therefore, any elevated Na+ dependent transport of methyl-a-D-glucopyranoside 
observed should be entirely due to the activity of the Na+ dependent D-glucose co-
transport protein (SGLT 1 ). 
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Figure 11.7, Methyl-a-D-glucopyranoside transport in the presence of Na+, 
K+ and choline 
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2 pg of ileal mRNA (1 pg/pl) was pre-incubated with 4 pg eDNA in 10 mM Tris/HC!, 
100 11M NaC! for 70 °C for 5 minutes and then 55°C for 20 minutes. The mRNA and 
eDNA were rapidly cooled on ice. In addition, as a positive control 2pg of mRNA was 
pre-incubated with only 10 mM Tris/HCl, 100 11M Nact (no eDNA). 
To 60 Xenopus laevis oocytes, 40-50 ng of ileal mRNA (1 Jlg/Jll} was injected into each 
oocyte, with 46 nl ofwater injected into a further 30 oocytes. For hybrid arrest studies, 
40-50 ng of ileal mRNA/cDNA complex was injected into 60 Xenopus laevis oocytes with 
46 nl of water injected into 30 oocytes. The oocytes were maintained for 4-5 days and 
then assayed as previously described, with 100 pM 14C Methyl-a-D-glucopyranoside 
added to each group. For each group, 20 mRNA injected and 10 water injected oocytes 
were incubated for one hour and the reaction stopped by the addition of ice cold stop 
solution (92.9 mM choline chloride, 15 mM HEPES/Tris pH 7.6, 1 mM Methy l-a-D-
glucopyranoside). 
Figure 11.7 showed that Na+ dependent methyl-a-D-glucopyranoside transport 
occurred in mRNA and mRNA/DNA injected oocytes. The replacement ofNa+, 
by K+ or choline resulted in a decrease in methyl-a-D-glucopyranoside transport 
to passive diffusion levels. This data corresponded to previous work (Hediger et 
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al., 1987 a & b) and the results observed in this study using pig ileal BBMV 
(chapter 8). 
To determine if this difference in uptake between the mRNA injected oocytes and 
the mRNA/cDNA injected oocytes was significant, statistical analysis of the data 
was performed, using an anova test. The test showed that there was no significant 
difference in methyl-a-D-glucopyranoside uptake between oocytes injected with 
mRNA and oocytes injected with the mRNNcDNA complex, in the presence of 
either Na+, K+ or choline. Therefore, this experiment showed that the eDNA 
encoding the hamster Na +;bile acid co-transport protein specifically inhibited the 
translation of the gene encoding the pig bile acid co-transport protein. 
11.5 Summary 
Further investigation of secondary active bile acid transport using Xenopus laevis 
oocytes confirmed the previous findings in pig ileal BBMV, that secondary active 
bile acid transport could occur in the presence of Na + and K+. The translation 
hybrid arrest of the ileal Na+/bile acid co-transport protein gave further indication 
that the same transport protein was involved in utilising both Na+ and K+ for 
secondary active transport. Furthermore, it gave an initial indication that only one 
gene coded for the Na+/bile acid co-transport protein and by preventing the 
translation of this gene into its corresponding protein had the affect of abolishing 
secondary active taurocholate transport in the presence ofNa+ and K+. 
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CHAPTER TWELVE: 
12. Isolation and characterisation of the gene encoding the pig intestinal Na +/bile 
acid co-transport protein 
In the chapters 9 to 11 the functional characteristics of the pig ileal Na +/bile acid co-
transport protein were investigated. In this chapter the molecular characteristics of the 
gene encoding the Na+/bile acid co-transport protein are investigated. 
Previous studies have reported the isolation and sequencing of the genes that encode 
the hamster, rat, rabbit, mouse and human Na+/bile acid co-transport protein. The 
nucleotide sequence for the Na +/bile acid co-transport protein gene has been found to 
be around 1044 bases (348 amino acids long) with a molecular weight of 38kDa for 
all five species (Wong et al., 1994; Dawson and Oelkers, 1995; Dawson et al., 1995; 
Seaki et al., 1999). 
12.1 Isolation of the DNA which encodes the pig intestinal Na +/bile acid co-
transport protein 
To allow the molecular characterisation of the DNA that encodes the Na +/bile acid 
co-transport protein, the particular sequence of DNA which encodes the protein 
needed to be isolated from the rest of the pig ileal DNA. 
The Na +/bile acid co-transport protein has previously been sequenced in five other 
mammals and it has been determined that the amino acid sequences for the protein in 
each of the mammals, displayed a large degree of homology between the species. This 
high sequence homology was utilised in this study. It was proposed that the DNA 
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which encoded the pig ileal Na+/bile acid co-transport protein could be isolated by 
using PCR primers designed around regions of sequence homology observed in the 
previously sequenced genes from the hamster, rat and human. These three mammals 
where chosen to be used for comparison of sequence homology because the rabbit 
sequence varies slightly at the start and end of the sequence and the mouse sequence 
was not available on EMBL at this stage of the study. 
12.1.1 Design of PCR primers used for the isolation of specific DNA encoding the 
N a+ /bile acid co-transport protein in pig ileum 
In order to design primers that would be complementary to the DNA sequence which 
encodes the pig N a+ /bile acid co-transport protein, the nucleotide and amino acid 
sequences of the N a+ /bile acid co-transport protein in hamster, rat and human were 
compared by sequence alignment. 
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Figure 12.1 Amino acid sequence of the Na+/bile acid co-transport protein from 

































- MDNSSVCPPNATVCEGDSCVVPESNFNAILNTVMSTVLTILLAMVMFSMGCNVEVHKFL 59 
-MDNSSVCSPNATFCEGDSCLVTESNFNAILSTVMSTVLTILLAMVMFSMGCNVEINKFL 59 
-MDNSSICNPNATICEGDSCIAPESNFNAILSVVMSTVLTILLALVMFSMGCNVELHKFL 59 





























FAAILLGAYVAYKKCHGKNNTELQEKTDNEMEPRSSFQETNKGFQ PDEK 348 
***::** **•*·**•*** ·* · . . . . . ...... . * ****· . . . ** 
The multiple sequence alignment was carried out using the CLUSTERW software at 
EBl This is described in more details in the methods section (7. 2.12. 3). 
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The amino acid sequence alignment from the 5 mammals revealed 4 regions of 
homology that were used to design PCR primers (figure 12.1). In the design of the 
primers only the human, rat and hamster was used, but the rabbit and mouse sequence 
has been included in figure 12.1, to indicate the high degree of homology between the 
five species. 
Even though the amino acid sequences for these regions of the transport proteins were 
conserved throughout the majority of the three mammals, the nucleotide sequences 
differed. The difference in nucleotide sequence between the three species were due to 
the fact that each amino acid is coded by a variety of triplet codons which have 
different nucleotide sequences .. 
Therefore, the nucleotide sequence of the related conserved regions for each of the 
three mammals were compared, as shown in tables 12.1 A-D 
/ 
Table 12.1.A Nucleotide sequences from the 1st region of conserved amino acids 
Amino acid Hamster Rat Human Non conserved 
Position nucleotide 
E (23) GAG GAA GAG A in rat 
s (24) AGC AGC AGC All conserved 
N (25) AAC AAC AAT Tin human 
F (26) TIC TIC TIC All conserved 
N (27) AAC AAT AAT C in hamster 
A (28) GCC GCC N = AAC Different amino acid 
in human 
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Table 12.1.B Nucleotide sequences from the 2nd region of conserved amino acids 
Amino acid Hamster Rat Human Non conserved 
Position nucleotide 
I (40) ATC ATT ATC Tin rat 
L (41) CTG CTT CTG Gin rat 
L (42) CTA CTA TTG T & G inhuman 
A (43) GCC GCC GCC All conserved 
L (44) TTG M=ATG TTG Different amino acid 
in rat 
v (45) GTG GTG GTC All conserved 
Table 12.1.C Nucleotide sequences from the 3rd region of conserved amino acids 
Amino acid Hamster Rat Human Non conserved 
Position nucleotide 
Y(308) TAC TAC TAC All conserved 
K (309) AAG AAG AAG All conserved 
K (310) AAA AAA AAA All conserved 
c (311) TGT TGT TGC C in Human 
H (312) CAT CAT CAT All conserved 
G (313) GGA GGA GGA All conserved 
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Table 12.1.D Nucleotide sequences from the 4th region of conserved amino acids 
Amino acid Hamster Rat Human Non conserved 
Position nucleotide 
F (343) TTT TTT TTT All conserved 
Q (344) CAA CAA CAA All conserved 
p (345) CCA CCA CCT Tin human 
D (346) GAT GAT GAC C in human 
E (347) GAG GAG GAA A in human 
K (348) AAG AAA AAG A in rat 
Comparison of the nucleotide sequences from the 4 regions of conserved amino acids 
revealed some differences in nucleotide sequences encoding the same amino acid. In 
these cases, the nucleotides which were conserved between the majority of the three 
species were used for the final primer sequence. 
The 2 conserved regions of nucleotides located near to the N terminus of the protein 
(shown in tables 12.1 A and B) were used to design both forward primers. The 
conserved regions ofnucleotides located at the C terminus of the protein were used to 
design both reverse primers (shown in tables 12.1 C and D). 
As described in the methods chapter (section 7 .2. 7 . I) in order to isolate both the sense 
and anti-sense strands of the double stranded DNA, each set of forward and reverse 
primers needed to have one primer complementary to the sense DNA strand and one 
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pnmer complementary to the anti-sense DNA strand. Therefore, the nucleotide 
sequences of the reverse primers were designed to be complementary to the 
nucleotide sequences shown in table 12.1 C&D, which meant these reverse primers 
would bind to the sense strand of DNA. The forward primers had the identical 
nucleotide sequence to the conserved nucleotides shown in table 12.1A and B and 
would therefore bind to antisense DNA strand. 
Table 12.2 Nucleotide sequences of the 4 primers designed to isolate the 
DNA that encodes the pig Na +/bile acid co-transport protein. 
Primer name Nucleotide sequence of primers 
Forward 1 5' GGCGCATGGAGAGCAACTTCAAT3 ' 
Forward 2 5'GGCGCATCCTGTTGGCCTTGGTG3' 
Reverse 3 5 'GGCGCTCCATGACA TTTCTTGTA 3' 
Reverse 4 5'GGCGCCATCTTCTCATCTGGTTGAAA3 ' 
The reverse primer 4 was designed around the very end of the C-terminus region of 
the protein. This meant that primer needed a stop codon added to the end of the 
nucleotide sequence in order to produce a PCR transcript which encoded a single 
functional protein. Throughout the three species the stop codon TAG was conserved, 
so the nucleotide sequence ATC was added to the 5' end of the reverse primer 4. The 
forward primer 1 encodes a conserved region close to the start of the protein 
sequence, so a start codon (ATG) was added to the 5' end of the primer sequence to 
ensure that the PCR transcript isolated from the pig encoded a single protein. To all of 
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the 4 primers a GC clamp (GGCGC) was added to prevent the pnmers from 
annealing to each other. 
12.1.2 Isolation by PCR of the DNA that encode the Na +/bile acid co-transport 
protein by PCR 
For the isolation of the DNA that encoded the pig Na +/bile acid co-transport protein, 
primers I and 4 were used together in one PCR reaction and primers 2 and 3 were 
used together. PCR was carried out on pig ileal genomic DNA, a eDNA which 
encoded the hamster ileal Na+/bile acid co-transport protein and a eDNA which 
encoded the hamster liver Na+/bile acid co-transport protein. To determine if a PCR 
product had been produced by the two sets of primers, the PCR products were run on 
a I% agarose gel and stained with ethidium bromide. 
Figure 12.2 Electrophoresis of PCR products 
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KEY: 
Lane I: 0.5-10 Kb ladder 
Lane 2: PCR reaction using eDNA encoding the hamster ileal Na+/bile acid co-transport 
protein, with primers 1 & 4 
Lane 3: PCR reaction using pig ileal DNA, with primers 1 & 4 
Lane 4: PCR reaction using eDNA encoding the liver bile acid transport protein, with 
primers 1 & 4 
Lane 5: PCR reaction using eDNA encoding the hamster ileal Na +/bile acid co-transport 
protein, with primers 2 & 3 
Lane 6: PCR reaction using pig ileal DNA, with primers 2 & 3 
Lane 7: PCR reaction using eDNA encoding the liver bile acid transport protein, with 
primers 2 & 3 
For each PCR reaction, 1 pg of genomic or plasmid DNA was used. Each PCR reaction also 
contained 1.5 units of Taq DNA polymerase, 50 mM KCl, 1.5 mM MgC12, 10 mM Tris/HCl 
pH 9. 0, and 200 f..lM dNTP and 5 pM for both the forward and reverse primers. The PCR 
reaction had: 1 cycle at 95° C for 2 seconds and then 40 cycles at 95° C for 10 seconds, 50° C 
for 10 seconds followed by 72° Cfor 30 seconds. After 40 cycles the PCR reaction finished 
with an extension phase of 2 seconds at 72° C. The PCR samples were run on a 1% TAE 
agarose gel and the gel was run at 60 volts for one hour. For each sample, 10 pl of the PCR 
product was run, against a 0.5-10 kb ladder. The gel was stained overnight with ethidium 
bromide and then visualised under UV light. 
Figure 12.2 showed that both sets of primers isolated a PCR product from both the 
hamster and the pig. The PCR products produced using the hamster eDNA and pig 
genomic DNA were both 1-1.2 Kb in size. 
The observation that PCR products of the same size were isolated from the hamster 
eDNA and the pig genomic DNA, indicated that both the PCR products encoded the 
Na+/bile acid co-transport protein. The eDNA from the hamster only consisted of 
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1044 nucleotides coding for the Na +/bile acid co-transport protein, so if the primers 
did not correspond to regions within this nucleotide sequence then a PCR product 
would not have been produced. The hamster eDNA therefore acted as a positive 
control in the PCR experiments. 
The eDNA encoding the liver bile acid transport protein did not produce a PCR 
product, which corresponded with previous findings (Hagenbuch eta!. , 1996) that the 
liver Na+/bile acid co-transport protein only shares limited homology with the ileal 
Na+/bile acid co-transport protein. Therefore, the production of a PCR product from 
pig ileal DNA, which was the correct size of 1-1.2 Kb, indicated that the PCR product 
probably encodes the Na+/bile acid co-transport protein. 
12.2 Functional investigation of the PCR product, proposed to encode for the 
N a+ /bile acid co-transport protein by hybrid translation arrest 
To investigate whether the isolated PCR product from the pig ileum did encode the 
Na+/bile acid co-transport protein, translation hybrid arrest of the pig ileal mRNA by 
the PCR product was carried out. If the PCR product coded for the pig ileal Na+ /bile 
acid co-transport protein then the PCR product should anneal to the complementary 
region of mRNA, blocking its translation upon expression of the mRNA in Xenopus 
laevis oocytes. 
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Figure 12.3 Translation hybrid arrest of the mRNA encoding the Na +/bile acid 
co-transport protein, by PCR products derived from pig intestinal genomic DNA 





















2 pg of ileal mRNA (I pg/pl) was pre-incubated with IOO ng of pig or hamster DNA in a IO 
mM Tris/HCl, IOO pM NaCl for 70 oc for 5 minutes and then 55°C for 20 minutes. The 
mRNA and DNA were rapidly cooled on ice. 
To 60 Xenopus /aevis oocytes, 40-50 ng of ileal mRNA (I pglpl) was injected into each 
oocyte, with 46 nl o_fwater injected into a further 30 oocytes. For hybrid arrest studies, 46nl 
of ileal mRNA /DNA complex was injected into 60 Xenopus laevis oocytes, with 46 nl of 
water ir!fected into 30 oocytes. 
The oocytes were maintained for 4-5 days in a mod(fied Earths solutions (89 mM NaCI. 2.4 
mM NaHC03 , I5 mM HEPESIIM NaOH pH 7. 6, 0.3 mM CaN03, 0.4I mM CaC/2, 0.82 
mM MgS04) as described in the methods section. After 5 days the oocytes were incubated at 
30°C for I hour in a choline chloride based Earths solution (92.93 mM choline chloride, I 5 
mM HEPES/Tris pH 7. 6). Upon removal o.f the choline chloride Earths solution, the 
corresponding modified Earths solutions containing either Na + (89 mM NaCI, 2. 4 mM 
NaHC03 , I5 mM HEPESIIM NaOH pH 7.6, 0.3 mM CaN03 ,0.4I mM CaCI]. 0.82 mM 
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MgS04), K (89 mM KCl, 2.4 mM KHC03, I5 mM HEPESIIM KOH pH 7. 6, 0.3 mM 
CaN03 0.4I mM CaCl2, 0.82 mM MgS04) or choline (92.93 mM choline chloride, I5 mM 
HEPES/Tris pH 7.6) was added to each group ofoocytes, with IOO p.M 3H taurocholate. For 
each group, 20 mRNA injected and I 0 water injected oocytes were incubated for one hour 
and the reaction stopped by the addition of ice cold stop solution (92.93 mM choline 
chloride, I5 mM HEPES!Tris pH 7. 6, I mM taurocholate). 
Figure 12.3 shows that the PCR products isolated from both the hamster and the pig 
had the effect of reducing K+ and Na+ dependent bile acid uptake to passive diffusion 
levels. This indicated that both of the PCR products had annealed to the mRNA 
region that encoded the Na+/bile acid co-transport protein preventing it from being 
translated in Xenopus laevis oocytes. This observation, indicated that both the 
hamster and the pig PCR products encoded the Na+/bile acid co-transport protein. 
To ensure that the PCR products were only annealing to the region of mRNA that 
encoded for the Na+/bile acid co-transport protein, the mRNAIDNA complex was 
expressed in Xenopus laevis oocytes and then assayed for D-glucose uptake. As 
described in the previous chapter (chapter 11 ), the presence of the SGLT l in oocytes 
was detected by using the substrate methyl-cx.-D-glucopyranoside. 
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Na+ K+ choline 
2 pg of ileal mRNA (1 pg/pl) was pre-incubated with 100 ng of pig or hamster DNA in a 10 
mM Tris/HCI, 100 p,M NaCI for 70 °C for 5 minutes and then 55°C for 20 minutes. The 
mRNA and eDNA were rapidly cooled on ice. 
To 60 Xenopus laevis oocytes, 40-50 ng of ileal mRNA (1 pg/pl) was injected into each 
oocyte, with 46 nl of water injected into a further 30 oocytes. For hybrid arrest studies, 46 
nl of ileal mRNA and eDNA was injected into 60 Xenopus laevis oocytes with 46 nl of water 
injected into 30 oocytes. The oocytes were maintained for 4-5 days in a mod~fied Earths 
solutions (89 mM NaC/, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH pH 7.6, 0.3 mM 
CaN03. 0.41 mM CaCl2, 0.82 mM MgS04) as described in the methods section. After 5 days 
the oocytes were incubated at 30°C for 1 hour in a choline chloride based Earths solution 
(92.93 mM choline chloride, 15 mM HEPES/Tris pH 7.6).Upon removal of the choline 
chloride Earths solution, the corresponding modified Earths solutions containing either Na + 
(89 mM NaC/, 2.4 mM NaHC03, 15 mM HEPES/1M NaOH pH 7.6, 0.3 mM CaN03, 0.41 
mM CaCl2, 0.82 mM MgS04), K (89 mM KCl, 2.4 mM KHC03, 15 mM HEPES/1M KOH 
pH 7.6, 0.3 mM CaN03, 0.41 mM CaC/2, 0.82 mM MgS04) or choline (92.93 mM choline 
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chloride, 15 mM HEPES/Tris pH 7. 6) was added to each group ofoocytes, with 100 pM 14C 
Methyl-a-D-glucopyranoside. For each group, 20 mRNA injected and 10 water injected 
oocytes were incubated .for one hour and the reaction stopped by the addition of ice cold 
stop solution (92.93 mM choline chloride, 15 mM HEPES/Tris pH 7.6, 1 mM Methyl-a-D-
glucopyranoside) . 
Figure 12.4 showed that there was Na+ dependent uptake of methyl-a-D-
glucopyranoside by oocytes injected with either mRNA or mRNA/DNA. This 
observation showed that the presence of the PCR products bound to the mRNA did 
not have the effect of preventing the SGLTl mRNA from being translated. Therefor 
it was concluded that the P R product isolated rrom pi ilea l NA a pp a r d t 
encode only the Na+/bile acid co-transport. 
12.3 Cloning and sequencing of the PCR product 
To nable sequencing of the PC R product copied fro m pi il eal DNA, 400 ng f thi. 
product was required. However, the PCR reaction was unable to provide a uffi.cient 
quantity. To ensure that the DNA template was not the problem with the PCR 
reaction, RT-PCR was carried out. However, after the production of eDNA from the 
mRNA, no PCR product could be detected. After the alteration of a variety of 
environmental conditions, such as increasing the concentration of Taq polymerase, 
dNTP and MgCI2 and varying cycling time and temperature, the amount of PCR 
product was still too low. Therefore, it was concluded that another method was 
required to produce suffic ient amount of the P R product fo r !)equencing. 
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To ensure sufficient concentration of the PCR product to be used for sequencing, the 
PCR product was cloned into E. coli cell by the use of a plasmid vector. The cloning 
was carried out as described in the methods chapter (section 7.2.11.1-3). The pig PCR 
product that was cloned into the plasmid, was generated by using primers 1 and 4 
because this PCR product contained most of the pig nucleotide sequence. 
Figure, 12.5 Gel electrophoresis of the digested plasmid to determined which 
plasmids contained the PCR inserts 
KEY: 
Lane 1: DNA ladder 
Lane 2-21: DNA inserts 
Lane 22: DNA ladder 
The DNA digests were run on a 1% TBE agarose gel and the gel was run at 60 volts for one 
hour. For each sample, lOp./ of the DNA digest was run, against a 0.5-10 kb ladder. The gel 
was stained over 2 hours with ethidium bromide and then visualised with UV light. 
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Figure 12.5 showed that the majority of the PCR products cloned into the plasmids 
were very small, with molecular weights of about 0.2-0.5 kb. The production of the 
large number of small DNA inserts by the TA cloning may be explained by the 
observation that the method of TA cloning preferentially clones small DNA inserts 
(Promega, 1996). 
However, the lanes 5, 17 and 18 all had DNA inserts larger than 0.5 Kb. The DNA 
insert in lane 5 had been identified in a previous DNA purification experiment in this 
study, where only I 0 plasmids were isolated from the agar plates that contained the 
E. coli colonies with the DNA inserts. Sequence analysis of this DNA insert revealed 
that the PCR product contained the forward primer l and reverse primer 4 but did not 
encode the pig ileal Na+/bile acid co-transport protein. Using the software PC gene to 
convert the nucleotide sequence to amino acids and then EMBL to identify the amino 
acid sequence, the software indicated that the DNA insert encoded a membrane 
glyco-protein and not a transport protein. However, this finding indicated that other 
membrane proteins have nucleotide regions which share close homology to the 
regions of the Na+/bile acid co-transport protein gene selected for primer design. 
The two DNA inserts in lanes 17 and 18 were the same size as the previously isolated 
PCR product (figure 12.2). Therefore, these two DNA inserts appeared to be the PCR 
product isolated from pig ileum. The isolation of these two DNA inserts indicated 
that the PCR product had been successfully cloned and was in sufficient 
concentration to be sequenced. 
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The PCR product was sent to MWG Biotech for sequencing, using the M 13 forward 
and reverse sites on the plasmid as sequencing primers (see appendix for plasmid 
map). 
12.4 Summary 
Comparison of the amino acid and nucleotide sequences for 3 mammals enabled the 
design of two sets of primers which were used to isolated a region of pig DNA by 
PCR. The PCR product isolated from the pig DNA was the same size, 1-1.2 Kb, as 
the positive control, which was a eDNA only encoding the hamster Na+/bile acid co-
transport protein. The isolation of only one PCR product from the pig genomic DNA 
confinned previous findings in this study, that only one gene appeared to encode the 
pig ileal N a+ /bile acid co-transport protein 
Hybrid translation arrest of the gene encoding the pig Na+/bile acid co-transport 
protein, by the PCR product isolated from pig DNA, indicated that the PCR encoded 
the pig ileal N a+ /bile acid co-transport protein. Furthermore, this finding confirmed 
that the one coded for the Na+/bile acid co-transport protein and that secondary active 
taurocholate transport in the presence of both Na+ and K+ was abolished when the 
translation of the Na+/bile acid co-transport protein was prevented. 
The cloning of the PCR product into a plasmid provided sufficient concentration of 
the pig PCR product. Restriction digest of the clones produced from the cloning, 
revealed that two clones contained the correct size DNA insert. One of these clones 
were then sequenced. 
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CHAPTER THIRTEEN: 
13. Molecular modelling of the pig ileal Na +/bile acid co-transport protein 
13.1 Conversion of the nucleotide sequence into an amino acid sequence 
To enable the identification and modelling of the protein encoded by the isolated 
PCR product, the nucleotide sequence (supplied by MWB Biotech) needed to be 
converted into an amino acid sequence. The conversion was carried out using PC 
gene as described in the methods section (7 .2.12.1) and shown in figure 13 .I. 
13.2 Identification of the protein encoded by the amino acid sequence 
To determine which protein the converted amino acid sequence encoded, the three 
variations of amino acid sequence were used to conduct a BLAST search as 
described in the methods section (7.2.12.2). Using the BLAST search it was 
determined that the first sequence of amino acids (shown in italics in figure 13.1) 
encoded the Na+/bile acid co-transport protein. Furthermore, the first five proteins 
ascertained to share the greatest degree of homology with the amino acid sequence 
were all ileal Na +/bile acid co-transport proteins. This provided confirmation that 
the isolated PCR product did encode the pig ileal Na+/bile acid co-transport 
protein, which had not previously been isolated and sequenced. Furthermore, 
using the BLAST search it was also determined that the pig ileal Na+/bile acid co-
transport protein shared the greatest degree ofhomology with the hamster Na+/bile 
acid co-transport protein followed by the rat > mouse > rabbit > human. 
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Figure 13.1 Amino acid sequence of the cloned PCR product 
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GGCGACATGG ACCTCAGCGT TAGCATGACC ACCTGCTCCA CGCTGCTTGC 
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CCTTGGAATG ATGCCCCTTT GCCTCTTCAT CTATACCAAG ATGTGGGTTG 
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P L E C P F A S S S I P R C G L 
PWN DAPL PLH LYQ DVG 
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I I I I I 
GGTGCCGAAC AGTTGCCTTG GAAACCGGGT TGCAGAACAC TCAGCTGTGT 
RCRT VAL 
G A E Q L P W 
V P N S C L 
E T G 
K P G 
G N R V 
LQN'l' QLC 
C R T L S C V 
A E H S A V 
760 770 780 790 BOO 
I I I I I 
TCCACCATTG TGCAGCTTTC CTTCAGCCCT GAGGACCTCA ACCTTGTGTT 
S 'I' I 
P P L 
F H H C 
VQLS FSP 
C S F P S A L 
A A F L Q P 
E D L 
R T S 
G P Q 
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810 820 830 840 850 
I I I I I 
CACCTTCCCC CTCATCTACA GCATCTTCCA GATCGCCTTT GCAGCAATAC 
T F p L I y s I F Q I A F A A I 
s p s p s s T A s s R s p L Q Q y 
H L p p H L Q H L p D R L c s N T 
860 870 880 890 900 
I I I I I 
TATTAGGAGC TTATGTCGCA TACAAGAAAT GTCATGGAAA AAATAATACT 
LLGA YVA YKK CHGK NNT 
Y E L M S H T R N V M E K I I L 
I R S L C R I Q E M S W K K Y 
910 920 930 940 950 
I I I I I 
GAGCTACAAG AGAAAACAGA CAATGAAATG GAGCCCAGGT CATCATTTCA 
E L Q E K T D N E M E p R s s F Q 
s y K R K Q T M K w s p G H H F 




E T N K G 
R R Q T K 
G D K Q R 
The conversion of nucleotides to amino acids were carried out using the software 'PC 
gene'. The software gave the three possible amino acid sequences depending on which 
amino acid was taken to represent the beginning of the gene sequence. 
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13.3 Sequence alignment of the pig ileal Na +/bile acid co-transport protein 
with ileal Na +/bile acid co-transport proteins sequenced from other mammals 
To determine the degree of homology shared between the pig ileal Na +/bile acid 
co-transport protein and the Na +/bile acid co-transport proteins from the other five 
mammals, from which it had been sequenced, a sequence alignment was 
conducted as described in the methods section (7.2. I 2.3). Due to the design of the 
original primers, the amino acid sequence of the pig ileal Na+/bile acid co-
transport protein was lacking the first 20 amino acids. However, the lack of the 
first 20 amino acids from the pig did not detrimentally affect the sequence 
alignment. As can be seen in figure 13.2, the pig shared a high number of 
conserved amino acids with all the other species. However, as previously 
mentioned the pig ileal Na+/bile acid co-transport protein shared the greatest 
number of conserved amino acids with the hamster ileal Na+/bile acid co-transport 
protein. The degree of homology between the pig and hamster transport proteins 
was 92.2%, which corresponded to previous findings of homology between the 
hamster and rat (Dawson and Wong, 1995). 
13.4 Determination of the number of transmembrane regions (TM) 
To determine which parts of the amino acid sequence would be expected to be 
present in the brush border membrane and which would be expected to be present 
on the outside or inside of the membrane, the number and position of the 
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Figure 13.2 Sequence alignment of the ileal Na+/bile acid co-transport 

































-MDNSSICNPNATICEGDSCIAPESNFNAILSVVMSTV LTILLALVMFSMGCNVELHKFL 59 
- MNDPNSCVDNATVCSGASCVVPES NFNNILSVVLSTVLTILLALVMFSMGCNVEIKKFL 59 
MSNLTVGCLANATVCEGASCVAPESNFNAILSVVLSTVLTILLALVMFSMGCNVEIKKFL 60 
- MDNSSVCPPNATVCEGDSCVVPESNFNAILNTVMSTVLTILLAMVMFSMGCNVEVHKFL 59 
- MDNSSVCSPNATFCEGDSCLVTESNFNAILSTVMSTVLTILLAMVMFSMGCNVEINKFL 59 




GHIRRPWGI FIGFLCQFGIMPLTGFVLAVAFGIMPIQAVVVLIMGCCPGGTASNILAYWV 120 
GHIKRPWGIFVGFLCQFGIMPLTGFILSVASGILPVQAVVVLIMGCCPGGTGSNILAYWI 119 
GHIKRPWGIFVGFLCQFGIMPLTGFILSVASGILPVQAVVVLIMGCCPGGTGSNILAYW I 119 
**: :***** : .*************:* : ** .* : *:******* *******.*******: 
DGDMDLSVSMTTCSTLLALGMMPLCLFIYTKMWVDSGTIVIPYDSIGTSLVALVIPVSIG 159 
DGDMDLSVSMTTCSTLLALGMMPLCL FIYTKMWVDSGTIVIPYDSI GTSLVALVIPVSIG 179 
DGDMDLSVSMTTCSTLLALGMMPLCLLIYTKMWVDSGSIVIPYDNIGTSLVALVVPVSIG 179 
DGDMDLSVSMTTCSTLLALGMMPLCLYVYTKMWVDSGTIVIPYDNI GTS LVALVVPVSIG 180 
DGDMDLSVSMTTCSTLLALGMMPLCLFVYTKMWVDSGTIVIPYDSIGISLVALVIPVSFG 179 
DGDMDLSVSMTTCSTLLALGMMPLCLFIYTKMWVDSGTIVIPYDSIGISLVALVIPVSIG 179 
************************** :********* : ******.** ****** : ***:* 
MYVNHKWPQKAKIILKIGSIAGAILIVLIAVVGGILYQSAWTIEPKLWIIGTIYPIAGYG 219 
MYVNH KW PQKAKIILKIGSIAGAILIVLIAVVGGILYQSAWTIEPKLWIIGTIYPIAGYG 239 
MFVNHKWPQKAKIILKIGSIAGAILIVLIAVVGGILYQSAWIIAPKLWIIGTIFPVAGYS 239 
MFVNHKWPQKAKIILKVGSIAGAVLIVLIAVVGGILYQSAWIIEPKLWII GTI FPMAGYS 2 40 
MFVNHKWPQKAKIILKIGSITGVILIVLIAVIGGILYQSAWIIEPKLWIIGTIFPIAGYS 239 
MFVNHKWPQKAKIILKIGSIAGAILIVLIAVVGGILYQSAWIIEPKLWIIGTIFPIAGYS 239 
*:************** : ***:*. : ******* : ********* * ******* **:*:*** 
.. 
LGFFLARIAGQPWYRCRTVALETGLQNTQLCSTIVQLSFSPEDLNLVFTFPLIYSIFQIA 279 
LGFFLARIAGQPWYRCRTVALETGLQNTQLCSTIVQLSFSPEDLN LVFTFPLIYSIFQIA 299 
LGFLLARIAGLPWYRCRTVAFETGMQNTQLCSTIVQLSFTPEELNVVFTFPLIYSIFQLA 299 
LGFFLARIAGQPWYRCRTVALETGMQNTQLCSTIVQLSFSPEDLTYVFTFPLIYSIFQIA 300 
LGFFLARLAGQPWYRCRTVALETGMQNTQLCS TIVQLS FSPEDLNLVFTFPLIYTVFQLV 299 
LGFFLARLAGQPWYRCRTVALETGMQNTQLCSTIVQLSFSPEDLNLVFTFPLIYTVFQLV 299 
The multiple sequence alignment was carried out using the CLUSTERW software 
at EBI, as described in the methods section (7. 2. 12. 3). 
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Tables 13.1-13.8 Toplogy of the ileal Na +/bile acid co-transport protein 
TM I software TM2 software 
Mammal HMMTOP Top Prcd2 T M pred Mammal HM MTOP Top Prcd2 TM pred 
Hamster 29-53 (o-i) 3 1-5 1 (o-i) 29-47(o-i) Hamster 66-53(o-i) 75-95(o- i) 73-103(o-i) 
Human 29-53 (o-i) 31-5 1 (o-i ) 29-47(o-i) Human 66-90 (o-i) 68-98(o-i) 66-86(o-i) 
Mouse 35-59 (o-i) 32-55(o-i) 35-50(o-i) Mouse 72-96(o-i) 66-86(o-i) 65-86(o-i) 
Pig 26-60 (o-i) 31-5 1(o-i) 29-47(o-i) Pig 73-97 (o-i) 75-95(o-i) 56-83(o-i) 
Rabbit 2-22 (o-i) 3-23(o-i) 3-2 1(o-i) Rabbit 30-54 (o-i) 32-52(o-i) 30-48(o-i) 
Rat 28-52 (o-i) 31-5 1(o-i) 32-50(o-i) Rat 65-89 (o-i) 66-86(o-i) 65-86(o-i) 
T M3 software TM4 software 
Mammal HMMTOP Top Pred2 TM prcd Mammal HM MTOP Top Pred2 TM pred 
Hamster 98- 11 9 ( o-i) 98- 11 9 (o-i) 92- 11 9( o-i) Hamster 129- 148 (o-i) 129- 149( o-i) 131-148(o-i) 
Human 98- 11 9 (o-i) 92- 11 2( o-i) 85- 11 5(o-i) Human 125- 149 (o-i) 129-149( o-i) 129-149(o-i) 
Mouse 105- 126 (o-i) 89- 109(o-i) 88- lll (o-i) Mouse 136- 155(o-i) 129- 149( o-i) 129-149( o-i) 
Pig 98- 11 9 (o-i) 99- 11 9( o-i) 92- 11 9(o-i ) Pig 136- 15S (o-i) 129- 149( o-i) 129- 149( o-i) 
Rabbit 67-9 1 (o-i) 79-96(o-i) 66-92(o-i) Rabbit 99- 118 (o-i) 99- 11 9( o-i) 130- 150( o-i) 
Rat 98- 11 9 (o-i) 89- 1 09( o-i) 88- ll l(o-i) Rat 129- 148( o-i) 129-149( o-i) 129-149( o-i) 
T MS software TM6 softwa re 
Mammal HMMTOP Top Pred2 T M pred Mammal HMMTOP Top Pred2 TM prcd 
Hamster 158- 182 ( o-i) 164- 184( o- i) 164- 182( o-i) Hamster 192-2 16 (o-i) 196-2 16 (o-i) 196-216 (o-i) 
Human 158- 182 (o-i) 164-184( o-i) 164- 182( o-i) Human 192-2 16 (o-i) 196-216 (o-i) 196-2 16 (o-i) 
Mouse 165- 189 (o-i) 164-184(o-i) 156-1 82(o-i) Mouse 199-223 ( o-i) 196-2 16 (o-i) 196-216 (o-i) 
Pig 158- 182 (o-i) 164-1 84( o-i) 164-182( o-i) Pig 199-223 ( o-i) 196-2 16 (o-i) 196-2 15 (o-i) 
Rabbi t 158- 182 (o-i) 126- 146( o-i) 155- 183(o-i) Rabbit 192-2 17 (o-i) 165- 185 ( o-i) 197-2 17 (o-i) 
Rat 159- 183 (o- i) 164- 184( o-i) 164- 182( o-i) Rat 159- 183 (o-i) 196-216 (o-i) 196-2 16 (o-i) 
T M7 software T M8 software 
Mammal HMMTOP Top Pred2 TM pred Mammal HMMTOP Top Pred2 TM pred 
Hamster 226-245 (o-i) 225-245( o-i) 228-245( o-i) Hamster 257-276 (o-i) 285-305(o-i) 291-31 1(o-i) 
Human 226-250 ( o-i) 225-245( o-i) 218-241 (o-i) Human 258-279 (o-i) 290-3 1 0( o-i) 292-310(o-i) 
Mouse 223-252( o-i) 225-245(o-i) 227 -244( o-i) Mouse 264-283( o-i) 285-305(o-i) 292-310(o-i) 
Pig 223-252( o-i) 225-245( o-i) 228-245( o-i) Pig 277-246 ( o-i) 285-305(o-i) 29 1-3ll(o-i) 
Rabbi t 193-2 17 (o-i) 197-2 17(o-i) 228-245( o-i) Rabbit 277-246 ( o-i) 224-246(o-i) 293-3 11 ( o-i) 
Rat 226-245 ( o-i) 225 -245(o-i) 228-245( o-i) Rat 285-309 ( o-i) 290-310(o-i) 29 1-311 ( o-i) 
KEY: TM =Transmembrane 
(o-i) = Outside of the enterocyte (luminal membrane)- inside of the enterocyte (cytoplasmic 
membrane) 
The topology of the protein was determined by entering the transporter amino acid 
sequence for each mammal into each of the programmes. These software's then 
determined the number of transmembrane regions for each amino acid sequence and the 
position of the amino acids that started and finished each of these regions. 
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transmembrane regions for all six mammals were predicted using three different 
types of software as described in the methods section (7 .2.12.4 ). As shown in 
table's 13.1-13-8 all three pieces of software had variations in the start and end 
positions of the transmembrane regions, though a general trend could be observed 
(table 13.9). The determination of the start of the transmembrane regions for the 
rabbit ileal Na+/bile acid co-transport protein was vastly different compared to the 
other five species. The beginning of transmembrane region 1 (TM1) started with 
amino acid 2 compared to 29 for the others, which had the effect of changing the 
predictions of the other transmembrane regions. Therefore, the results for the 
rabbit were discarded and not used to determine the general topology of the 
transporter. 
Table 13.9 General topology of the ileal Na+/bile acid co-transport protein 
Transmembrane domain TMl TM2 TM3 TM4 TM5 TM6 TM7 TM8 
Amino acid number 29- 65- 92- 129- 158- 196- 225- 285-
53 90 119 149- 184 216 245 311 
The analysis showed that ileal Na+/bile acid co-transport protein contained eight 
transmembrane regions (table 13.9), which corresponded to previous findings by 
Hallen et al., ( 1996) but contradicted the findings of Dawson and colleagues who 
predicted that the transport protein had seven transmembrane regions. The amino 
acids not included in the predicated transmembrane regions corresponded to 
amino acids either on the outside of the brush border membrane (in the lumen of 
the small intestine) or on the inside of the brush border membrane (in the 
cytoplasm of the enterocyte). 
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13.5 2D modelling of the ileal Na +/bile acid co-transport protein 
To predict the 2D model of the transport protein, an amino acid sequence and the 
number of transmembrane regions were added into the 2D MEM MAP software 
(Antoniw and Mullins, 2000). This software produced a 2D model of the protein 
(figure 13.3) and could be used to display the distribution of hydrophobic, polar, 
basic and acidic amino acids. In figure 13.3, any amino acids that were not 
conserved between the 6 species were blocked. 
As can be seen in figure 13.3, the transmembrane regions largely consisted of 
hydrophobic amino acids (shown in grey), which is consistent with these amino 
acids residing in the hydrophobic brush border membrane. 
Large bulky amino acids such as phenylalanine, tryptophane and tyrosine have 
long been proposed to be involved in interactions between with glycine residues 
on other transmembrane helices. The bulky aromatic side chain of the 
phenylalanine on one transmembrane helix has been proposed to fit into a gap 
created by a small glycine residue on another transmembrane domain, known as 
the ridge-groove arrangements (Chothia eta/., 1981 ). Transmembrane regions 2, 
3 and 6 have 3-4 glycine residues, whilst transmembrane regions, 1 ,2 ,4 and 8 all 
have phenylalanine residues at a compatible depth. Therefore, it is possible that 
interactions between these putative transmembrane helices could occur within the 
brush border membrane. 
The presence of the acidic amino acids, asparatic acid (D) and glutamatic acid (E) 
on the outside of the brush border membrane (in the lumen of the small intestine) 
appeared to be important in relation to the binding of the cation. The ileal Na+/bile 
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Figure 13.3, 2D directional alignment of the ileal Na +/bile acid co-transport 
protein 
INSIDE OF ENTEROCYTE 
OUTSIDE OF ENTEROCYTE 
KEY: Amino acids blocked out are unconserved residues 
To determine the 2D structure of the ileal Na +/bile acid co-transport protein the software 
2D MEM MAP was used. The amino sequence of the transport protein was entered and 
the settings for the position and number of transmembrane regions were altered to 
conform with this studies findings . The 2D model of the transport protein was produced 
by using the topology section of the 2D MEM MAP software. 
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acid co-transport protein has been shown to have an anionic binding site, which 
binds the positively charged cation (Hardison et al., 1991: Kramer et a/., 1992). 
From the 2D model of the transport protein, the two negatively charged amino 
acids could be the proposed binding site for the cation. However, there are no 
acidic amino acids present in the transmembrane regions of the transport protein, 
to assist with the transport of the cation through the membrane. It has been 
proposed (Mullins et a/., personal communication) that the intramembrane 
cysteine residues could interact with a cation by virtue of their -SH group. 
Transmembrane 3 contains two highly conserved cysteine residues ( cys I 05, 
cys106), transmembrane 4 has two cysteine residues (cys132, cysl44) and 
transmembranes 1 and 2 have cysteine residues at position 51 and 74 respectively. 
The presence of an aspartic acid on transmembrane domain 3 could also be 
utilised in the binding of the cation, which is supported by other studies (Kramer 
et al., 1992). 
The presence of the four lysine residues on transmembrane regions 4 (lys 150), 
7(lys 223), 8(lys 312, lys 313) could represent the cationic site involved in the 
binding of the negatively charged bile acid to the protein in the lumen of the small 
intestine. The 2 consecutive lysine residues at the interfacial region of domain 8, 
have also been observed in hepatic canalicular ecto-ATPase, and could be a 
conserved feature of bile acid transport proteins (Mullins et al. , 1998). On the 
cytoplasmic side of the transport protein, the basic amino acid arginine is present 
on transmembrane regions 2 (arg 91), and 7 (arg 246), whilst lysine and histidine 
are present on transmembrane regions 2 (lys 92), 5 (lys 185, his 184) and 6 
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(lys217). These 6 positively charged amino acids could also be involved in the 
transport of bile acids and could represent a possible binding site required for the 
bi-directional transport ofbile acids out of the enterocyte. 
13.6 Summary 
The nucleotide sequence of the pig ileal PCR product, was converted to amino 
acids by using the software PC gene. To identify the protein for which the PCR 
product coded for, a BLAST search was carried out. The BLAST search revealed 
that the PCR product encoded an ileal Na+/bile acid co-transport protein, which 
shared the greatest degree of homology with the hamster ileal Na +/bile acid co-
transport protein. 
Computer modelling of the amino acid sequence, determined that the pig ileal 
N a+ /bile acid co-transport protein contained of 8 transmembrane regions. The 
proposed cation binding sites on the transport protein were the acidic amino acids, 
asparatic acid (D) and glutamatic acid (E) on the outside of the brush border 
membrane. The presence of the four lysine residues on transmembrane regions 4 
(lys 150), 7(lys 223), 8(lys 312, lys 313) could be the proposed cationic site 
involved in the binding of the negatively charged bile acid. Possible cation and 
bile acid binding sites are also present on the cytoplasmic side of the transport 




From this study it has been concluded that the pig ileal Na+/bile acid co-transport 
protein does not have a strict dependency on Na+, as previously proposed, and can use 
a range of cations for secondary active bile acid transport. This study has shown that 
ileal Na+/bile acid co-transport protein is able to use K+ for secondary active 
transport, which could have important physiological functions. In the terminal ileum 
there are low Na+ concentrations, due to Na+ being used for a wide range of transport 
processes in the duodenum and jejunum. Furthermore, within the lumen of the 
terminal ileum there is a high concentration of K+, which can be used for the 
secondary active transport ofbile acids. 
Therefore, from the observations made in this study, it has been proposed that the 
ileal Na+/bile acid co-transport does not have a strict dependency on Na+, but rather a 
preference for this cation and can use other cations, such as K+, for secondary active 
transport of bile acids. The following sections in this chapter explain how the final 
conclusion was reached. 
14.1 Characterisation of the pig intestinal BBMV 
Using enzyme enrichment assays pig intestinal BBMV were shown to have had an 
enrichment of 14-16 fold (table 8.1 ), which had previously been shown to be 
sufficiently pure to be used in uptake assays (Mullins et a/. , 1992; Lin et a/. , 1993; 
Kramer et al., 1993). Electron microscopy (figure 8.1) of the BBMV showed that the 
microvilli were on the outside of the BBMV and therefore would allow the transport 
of solutes into the vesicles. 
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The observation that BBMV isolated from all regions of the small intestine were able 
to actively transport D-glucose in the presence of an inwardly directed Na+ gradient 
(figure 8.2) confirmed the functional viability of the BBMV. Furthermore, the 
distribution profile and cation dependency of D-glucose uptake into the BBMV 
corresponded to previous studies (Kessler eta!., 1978, Aoshima et a/. ,1987; Mullins 
et al., 1992) and showed that the brush border membrane contained the SGLTl 
transport protein. 
Alterations in the osmotic potential of the BBMV (figure 9.1) showed that the BBMV 
were transporting taurocholate into the interior of the BBMV and that there was no 
binding of taurocholate to the surface of the BBMV. 
Therefore, it was concluded that the BBMV isolated from pig small intestine could be 
used for functional characterisation of the Na+/bile acid co-transport protein. 
14.2 Functional characteristics of the Na +/bile acid co-transport protein in 
BBMV 
Using BBMV isolated from the duodenum, jejunum and ileum it was shown that 
Na+/bile acid co-transport was localised to the ileum (figure 9.2), which corresponded 
to previous findings (Wilson, 1981; Kramer et a!., 1983; Mullins et a!. , 1992; 
Sorscher eta!., 1992; Wong eta!., 1994). 
However, the elevated uptake of taurocholate above passive diffusion levels in the 
presence of K+ had not been observed in previous studies investigating the ileal 
Na+/bile acid co-transport protein (figure 9.2). 
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T d6tgnnin if taurooholat uptak in th pr B no of K+ was a B ndary a ti 
tnm spo tt m e h !ln t sm , th tim t!omtl Q.h fln t t d tl ' of th trlln' p R 
investigated further and compared to the functional characteristics of Na + d p nd nt 
uptake of taurocholate. 
Taurocholate uptake in the presence of either Na+ or K+ was found to be temperature 
sensitive (table 9. I). The temperature sensitivity of bile acid transport in the presence 
of Na+ had been demonstrated in previous studies, with the inference that such 
sensitivity is indicative of an active tran port proc ss (Holt, 1 964 ~ Kram r t I. 
1994) . 
Previous studies have shown that the Na+ /bile acid co-transport protein was able to 
transport bile acids against their concentration gradient (Lucke et al., 1978; Rouse and 
Lack, 1979). The removal of the inwardly directed taurocholate gradient (table 9.2) 
did not affect the transport of taurocholate into the BBMV in the presence of Na + or 
K+. Furthermore, the uptake of taurocholate in the presence of both Na+ and K+ 
demonstrated an 'overshoot' (figure 9.3) which had previously been shown to only 
occur in the presence of active transport process (Mullins et a!. , 1992; Kramer et 
al. , 1992; 1993). This observation again indicated that there was secondary active 
transport of taurocholate in the presence ofNa+ and K+. 
Secondary active bile acid transport has been shown to be dependent on the presence 
of an inwardly directed Na +gradient, with the removal of this gradient resulting in the 
reduction of taurocholate transport rates to that of passive diffusion (Lack and 
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Weiner, 1961; Holt, 1964; Mullins et al., 1992; Kramer et al., 1993). In this study, 
the removal of both the inwardly N a+ and K+ gradients (figure 9.4) had the effect of 
reducing taurocholate transport to passive diffusion levels, which indicated that the 
inwardly directed Na+ and K+ gradients were essential for the secondary active 
transport ofbile acids. 
Therefore, the functional characterisation of taurocholate transport using ileal BBMV 
indicated that secondary active taurocholate transport could occur in the presence of 
+ + hl . h + Na and K . Tauroc o ate transport m t e presence of Na was proposed to be 
occurring via the Na+/bile acid co-transport protein. However, the observation of 
secondary active taurocholate transport occurring in the presence of K+ had not been 
discussed in previous studies. The functional characterisation of taurocholate 
transport in the presence ofNa+ and K+, did not, in itself, indicate whether the same 
transport protein was utilising both cations for secondary active transport or whether 
two different proteins were involved. 
14.3 Determination of whether Na+ and K+ dependent taurocholate transport 
occurrs by the same transport protein 
To determine if the same transport process utilised both Na+ and K+ for secondary 
active bile acid transport, inhibition profiles and substrate dependence, Michaelis 
Menten kinetics of the transport processes were investigated using ileal BBMV. 
The inhibition of taurocholate uptake by the addition of another bile acid, 
taurodeoxycholate, occurred in the presence of both Na+ and K+. The competitive 
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inhibition of one bile acid by another has been observed in prevtous studies 
investigating Na + dependent bile acid transport by the Na +/bile acid co-tran port 
protein (Krag and Philips,l974; Schiff et al., 1972; Wong et a/.,1994). The inhibition 
of Na+ and K+ dependent taurocholate uptake, by the addition of taurodeoxycholate, 
both occurred to a similar percentage (table 9.3), and this was an initial indication that 
the uptake of taurocholate was probably occurring by the same transport process in 
the presence of either cation. 
Secondary active bile acid transport in the presence of Na+ and K+ both displayed 
Michealis Menten kinetics. The affinity (Km) of taurocholate transport in the 
presence of Na+ and K+ was 20 and 60J.!M respectively (figure 10.2). This showed 
that the transport protein had a greater affinity for Na+, but could use either Na+ and 
K+ to drive secondary active transport. 
The maximal rate of taurocholate transport (Vmax) was 25 pmol/mg prot/s in the 
presence of Na+ and 8.5 pmol/mg prot/s in the presence of K+. The observation of 
increased velocity, generally 2-3 fold higher in the presence ofNa+ when compared to 
K+, had been observed in all the BBMV experiments carried out in this study. The 
difference in transport rate in the presence ofNa+ and K+ was not due to the affinity 
of taurocholate binding to the transport protein in the presence of the two different 
cations, as initially proposed, because the affinity (Km) of the transport proocess was 
55mM for both cations (figure I 0.3). This observation again indicated that 
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taurocholate was being transported by the same transport protein in the presence of 
either Na+ or K+. 
Investigation of the stoichiometry of taurocholate uptake in the presence ofNa+ or K+ 
showed that bile acid uptake was an electroneutral process with respect to both 
cations. A Hill plot (figure 1 0.5) of taurocholate uptake gave a ratio of 1:1 for both 
cations and taurocholate, which previous studies had shown to represent an 
electroneutral process (Wilson, 1981 ). Furthermore, the rate of taurocholate uptake 
was not affected by the alteration ofthe anion coupled to the cation (figure 10.7) or by 
the addition of valinomycin (figure 1 0.6), which again correlated with an 
electronetural transport process (Rouse and Lack, 1979; Wilson, 1981 ; Barnard and 
Ghishan, 1987). The observation that transport in the presence of Na+ or K+ was 
electroneutral again indicated that the same transport protein was able to use either 
Na +or K+ for secondary active transport of bile acids. 
Therefore, from these transport studies using BBMV isolated from pig ileum, it was 
concluded that rather than being a strictly Na+-dependent process, the ileal Na+/bile 
acid co-transport merely displayed a strong preference for Na +, but could also utilise 
K+ as a driving cation. This observation was proved by the similar accumulative 
concentration or "overshoot" profile, similar inhibition percentage of taurocholate 
uptake by taurodeoxycholate in the presence of either cation, the same stoichiometry 
and the close inverse relationship between the values of Vmax and Km observed in 
the presence of the two cations. 
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The ability of the Na +/bile acid co-transport protein to utilise K+ for secondary active 
taurocholate transport had not been clearly observed in previous studies. 
From the data obtained in this study, it has been proposed that the Na+/bile acid co-
transport protein is able to also utilise K+ for bile acid transport, due to the low 
concentration of Na+ present within the terminal ileum. Throughout the small 
intestine Na+ is utilised for a wide range of transport process, with the majority of 
these processes being present in the brush border membrane of duodenal and jejunal 
enterocytes. To ensure maintenance of an inwardly directed Na+ gradient into the 
duodenal and jejunal enterocytes, the A TPase present on the basolateral membrane of 
enterocytes removes Na+ from the cells and replaces it with K+ (Clausen, 1998). 
Therefore, within intestinal enterocytes there is a low concentration ofNa+ and a high 
concentration of K+. In this study, it has been proposed that the high concentration of 
K+ within the enterocytes will pass through the brush border membrane and enter the 
lumen of the small intestine by the process of passive diffusion. Therefore, within the 
terminal ileum, the concentration ofNa+ is severely depleted whilst the concentration 
of K+ is relatively high. From the data presented in this study, it is proposed that the 
protein can utilise another cation, K+, to ensure sufficient absorption of bile acids to 
allow the maintenance of enterohepatic circulation. 
14.4 Secondary active bile acid transport can be stimulated by other cations 
The observation that secondary active taurocholate transport was observed in the 
presence of Na + and K+ and that the same transport protein appeared to be utilising 
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both cations for bile acid transport, lead to the investigation into what other cations 
could induce secondary active transport of taurocholate. Using a range of cations it 
was detennined that cations which had an ionic radius between 0.8 - 1.33A (figure 
1 0.4) stimulated taurocholate transport above the rates of passive diffusion. 
Interestingly, the cations Ca2+ and Cd2+ were able to stimulate taurocholate transport 
to the same degree as Na +. Whether Ca2+ was driving the uptake of taurocholate 
through an active transport protein, or merely enhancing observed rates of uptake 
through increasing the membrane potential of the vesicles, remains to be established. 
The high transport rates in the presence of Cd2+, though interesting in tenns of the 
consideration of the structure I function relationships of the transport process, are 
unlikely to be of any physiological importance. However, work into K+ channels have 
revealed that Cd2+ fonns a bridge between amino acids residues cysteine and histidine 
which results in the opening of the K+ channel (Holmgren eta/., 1998). Work into 
the 3D structure of the intestinal bile acid transport protein has detennined that the 
cation binding site of the transport protein could be composed of cysteine residues 
(Mullins eta/., unpublished data), as proposed in this study. Therefore, Cd2+ could be 
binding to cysteine residues, resulting in the opening/stimulation of the transport 
protein. 
How the size of the cation affects active bile acid transport has yet to be proved, but 
the diameter of the pore of the transport protein (fonned by the gap between 
transmembrane helices) could be involved in cation transport. Computer modelling of 
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the ileal N a+ /bile acid co-transport protein has revealed that the proposed pore of the 
transport protein, which the cations pass through, could have a diameter in the region 
of 2A. Therefore, it could be speculated that for monovalent cations with ionic radii 
over the threshold of 0.8 A, the velocity and affinity of transport is directly related to 
the size of the cation involved in driving the transport of bile acids, with the 
implication that Na + and K+ use the same route. By this relationship, the relatively 
large ionic diameter of Rb + and Cs + prohibits the co-transport of bile acids, 
presumably by being too large to pass through the cation pore of the co-transport 
protein, whilst H+ will be too small to stimulate the protein to transport bile acids. 
The ability ofNa+ or K+ to pass through the proposed cation pore in the Na+/bile acid 
co-transport protein could be related to the difference in the rate of taurocholate 
transport in the presence of the two cations. Assuming spherical ionic dimensions the 
volume of the K+ ion is (1.33N0.95A)3 = 2.74 times larger than the Na+ ion, so the 
size of the cation appeared to be inversely related to the uptake rates observed. This 
observation indicated that the size of cation could control the rate of secondary active 
transport, with K+ being nearly 3 times larger than Na + so leading to a 2-3 fold 
decrease in stimulation of taurocholate uptake. 
14.5 Expression of the Na +/bile acid co-transport protein in Xenopus laevis 
oocytes 
The results obtained using ileal BBMV, gave an initial indication that the same 
transport protein was able to use both Na+ and K+ to transport bile acids. To ensure 
that the same transport protein was using both Na + and K+ for secondary active bile 
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acid transport, the transport protein was expressed in Xenopus laevis oocytes in order 
to investigate the functional characteristics of the protein. 
Expression of ileal mRNA in oocytes resulted in the elevated uptake of taurocholate 
in the presence ofNa+ and K+ when compared to choline (figure, ll.l). This showed 
that the protein expressed following injection of mRNA utilised K+ as well as Na + for 
cation dependent transport. 
To confirm if the transport process being expressed by ileal mRNA in oocytes was 
using both Na + and K+, inhibition studies, Michaelis Menten kinetics and hybrid 
translation arrest experiments were carried out. The addition of the bile acid 
taurodeoxycholate inhibited taurocholate uptake into Xenopus laevis oocytes by 53% 
in the presence of Na + and 58% in the presence of K+ (figure 11.2), which again 
indicated that the same ileal transport protein was using both cations for secondary 
active transport. 
Michaelis Menten kinetics of Na+ and K+ dependent taurocholate transport (figure 
11.3) revealed that the Km for taurocholate was 201J.M in the presence of both cations, 
with the Vmax for Na+ being 35 pmol/oocyte/hr compared to16.6 pmol/oocyte/hr for 
K+. The identical Km values again indicated that the same transport protein was 
utilising both Na+ and K+ for secondary active transport. The difference in Vmax 
correlated to the previous findings in ileal BBMV that taurocholate uptake in the 
presence of Na + was 2-3 fold higher than for K+. Therefore, the functional 
characterisation of the expression of ileal mRNA in Xenopus laevis oocytes supported 
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the BBMV data that the Na +/bile acid co-transport protein appeared to be able to also 
use K+ for secondary active transport of bile acids. 
To gain molecular confirmation that the same transport protein was responsible for 
transport in the presence of both cations, hybrid translation arrest of the mRNA 
encoding the pig ileal Na+/bile acid co-transport protein was carried out by the 
addition of a eDNA, which specifically encoded the hamster Na+/bile acid co-
transport protein, to pig ileal mRNA. The addition of the hamster eDNA had the 
affect of reducing Na + and K+ dependent taurocholate to that of passive diffusion 
levels after expression in oocytes (figure 11.6). Therefore, the addition of the hamster 
eDNA had the affect of preventing the translation of the mRNA encoding the pig ileal 
Na+/bile acid co-transport protein, which reduced taurocholate uptake in the presence 
of Na + and K+ to passive diffusion. This finding indicated that the same protein was 
responsible for bile acid transport in the presence ofNa+ or K+. 
14.6 Identification of a possible carrier mediated bile acid transport process in 
pig jejunum 
The injection of mRNA isolated from the duodenum, jejunum and ileum of the pig 
small intestine revealed that the mRNA encoding for the Na+/bile acid co-transport 
protein was present in the ileum and duodenum (figure 11.5), which corresponded to 
previous work (Mullins et al., 1992). However, the jejunal rate of Na+ dependent 
taurocholate transport was reduced when compared to the rate of Na + dependent 
taurocholate transport in the duodenum and ileum. Furthermore, the rate of K+ 
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dependent taurocholate transport in the jejunum had similar levels to that observed in 
the ileum. The increased rate of jejunal taurocholate uptake in the presence of K+, 
corresponded to the data seen in pig ileal BBMV (figure, 9.2). These findings 
indicated that a different transport mechanism could be present in the pig jejunum. 
This transport mechanism could be the carrier mediated transport mechanism which 
had been observed in the jejunum of other mammals (Amelsberg eta/., 1995; 1996). 
14.7 Isolation and characterisation of the gene which encoded the pig ileal 
N a+ /bile acid co-transport protein 
To enable further investigation of the gene which encoded the pig Na +/bile acid co-
transport protein, the region of DNA that coded for the protein was isolated from the 
rest of the genomic DNA. 
Using the conserved regions between the nucleotide and amino acid sequences (figure 
12.1) from the hamster, human and rat, 4 primers were designed (table 12.1 A - D) 
which corresponded to the N and C terminal regions of the N a+ /bile acid co-transport 
protein. The 2 sets of primers (both sets had a forward and reverse primer) both 
isolated a PCR product from the pig ileal DNA (figure, 12.2). The PCR products, 
produced by the two sets of primers were about 1-1.2 Kb in size which corresponded 
to PCR products isolated from hamster and human DNA, which encoded the Na+/bile 
acid co-transport protein (Wong et al., 1994). Furthermore, the PCR product isolated 
from the pig was the same size as the positive control, which was a eDNA that 
encoded the hamster Na +/bile acid co-transport protein. 
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To functionally confirm that the isolated PCR product encoded the Na +/bile acid co-
transport protein, hybrid translation arrest of the mRNA which encoded Na +/bile acid 
co-transport protein was carried out by the addition of the pig ileal PCR product to the 
mRNA. The mRNNDNA complex was then expressed in Xenopus laevis oocytes, 
and analysis of Na+ and K+ dependent taurocholate (figure 12.3) revealed that the 
transport rates had been reduced to that of passive diffusion levels. This showed that 
the PCR product isolated from pig ileal DNA shared sufficient homology to bind to 
the mRNA that encoded the Na+/bile acid co-transport protein. This observation 
indicated that the PCR product isolated from pig DNA coded for the transport protein. 
The isolation of just one PCR transcript from the total pig genomic DNA supported 
the translation hybrid arrest data, in that only one gene encoded pig ileal N a+ /bile acid 
co-transport and that this protein was capable of utilising both Na+ and K+ for 
secondary active transport of taurocholate. 
The pig ileal PCR product was cloned into a plasmid and the size of the DNA insert 
analysed by restriction digestion (figure 12.5). From the 50 clones analysed, only two 
clones contained an insert which corresponded to the size of the PCR product. These 
1-1.2 Kb clones were proposed to be the PCR products isolated from the pig ileum 
and were sent away to MWG Biotech for nucleotide sequencing. 
14.8 Molecular modelling of the pig intestinal N a+ /bile acid co-transport protein 
The nucleotide sequence obtained from the sequencing company, MWG Biotech, was 
converted into an amino acid sequence (using the PC gene software (figure 13.1)) and 
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the protein was identified usmg the BLAST software. Sequence alignment 
(CLUSTALW) of the pig ileal Na+/bile acid co-transport protein (figure 13.1) with 
sequences of the ileal Na+/bile acid co-transport protein from other species revealed 
that the pig protein shared a 92% homology with the hamster Na+/bile acid co-
transport protein. A greater degree of sequence homology would possibly have been 
expected between the pig and human transport proteins, due to similar physiology. 
However, the human transport protein had the least number of conserved amino acids 
of the six species when compared with the pig sequence, though it still shared a 84% 
homology with the hamster (Dawson eta!., 1995). 
Using amino acid sequences of the N a+ /bile acid co-transport protein from the 6 
species for which it is known, it was determined that the protein had 8 transmembrane 
regions (tables 13.1-13.9), which agreed with previous findings (Hallen eta!. , 1996). 
The proposed cation binding site on the protein consisted of asparatic acid (D) and 
glutamatic acid (E) present on transmembrane domains 5 and 7 respectively (Mullins 
et al., personal communication). The presence of cysteine residues of transmembrane 
domains 1, 2, 3 and 4 have been proposed to be used in the transport of the cation 
through the membrane protein (Mullins et a!., unpublished data). Therefore, if these 
cysteine residues were important in the transport of the cation, then these residues 
would have to be in close alignment to allow the cation to pass through the 
membrane, by association with each of these amino acids in tum. From this 
observation, it could be proposed that these 4 transmembrane domains could form a 
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pore for the cation to pass through. These possible intramembrane binding sites could 
be used for the bi-directional transport of a cation into and out of the enterocyte, 
which would correspond to the bi-directional bile acid transport observed in this study 
(figure, 10.7). 
The presence of the four lysine residues on the approaches to transmembrane regions 
4 (lys 150), 7(lys 223) and 8(lys 312, lys 313) could be the proposed cationic site 
involved in the binding of the negatively charged bile acid To enable the bile acid to 
bind, these 3 transmembrane domains would have to be in an arrangement compatible 
with association with specific groups on the bile acid molecule. Furthermore, the 
presence of 6 basic amino acids on the cytoplasmic loops of the protein indicated that 
these regions could also be involved in bile acid binding. The presence of the 3 lysine 
residues near the ends of transmembrane domains 2 (lys 92), 5 (lys 185) and 6 
(lys217) represent the residues most likely to be involved in bile acid binding on the 
cytoplasmic side. The presence of a possible bile acid binding site on the inside of the 
membrane again supports the possibility of bi-directional transport observed in this 
study. 
The presence of only one proposed cation pore, would indicate that the other cations, 
namely K+ and Ca2+, would also bind to these cysteine residues when being utilised to 
stimulate secondary active uptake of taurocholate. The affinity of taurocholate for the 
transport protein in the presence of N a+ and K+ has been shown to be the similar in 
BBMV and the same in oocytes (figure, 1 0.3, figure 11.4). Therefore, it could be 
proposed that the binding of the other cations (shown to stimulate secondary a tive 
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bile acid transport) to the proposed cation binding site should also stimulate the 
binding of taurocholate to the transport protein. 
An important difference between the pig and hamster amino acid sequence could be 
the replacement for a glycine residue (present in all other species) for a serine residue 
(ser 71) in the pig. As mentioned previously (section 13.5), the presence of glycine on 
transmembrane domain 2 could be used in the formation of 'ridge-grooves ' 
attachments between the transmembrane helices. Therefore, the absence of this 
glycine side chain could lead to some disruption in the arrangement of the helices 
involved in the cation pore. Furthermore, the replacement of the smallest amino acid 
glycine, with a larger amino acid (serine) could also have the effect of increasing the 
size of the proposed cation pore. This possible increase in the cation transport pore 
could explain why the pig ileal Na+lbile acid co-transport protein can transport the 
larger cation K+. 
The findings of this study give further insight to functional properties of the ileal 
Na+ /bile acid co-transport protein. The presence of this ileal transport protein has 
been shown to be essential in the maintenance of efficient enterohepatic circulation of 
bile acids and can be involved in protecting the liver for cholestastic damage due to 
an accumulation of bile acids. The functional characterisation of the ileal transport 
has prompted recent investigations into using the transport protein to alter the 
circulating bile acid pool and also to deliver small peptides into the blood. 
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14.9 Future work: 
14.9.1 Functional characterisation of the amino acids involved in the binding of 
the cation or bile acid to the Na +/bile acid co-transport protein 
Analysis of the amino acid sequence of the transport protein, in this study, has led to 
the identification of a number of amino acids proposed to be involved in cation or bile 
acid binding. To confirm which amino acids are involved in binding and transport, 
the amino acids that encode the proposed binding sites would need to be deleted and 
the ability of the Na+/bile acid co-transport protein to transport either the cation or the 
bile acid would then be investigated. 
To delete the amino acids proposed to encode the binding sites, the triplet codon of 
nucleotides, which encode the amino acids, would need to be altered to ensure that 
the nucleotides coded for a different amino acid. The alteration of the nucleotides 
could been done by site directed mutagenesis, . 
The new PCR product could then be either be converted to protein by a 
transcription/translation technique, or be cloned into a Bluescript plasmid, which can 
be used to produce cRNA. 
Functional characterisation of the new PCR product could be carried out by 
expression of cRNA in Xenopus laevis oocytes or expression of the protein in 
pancreatic microsomes. The transport capabilities of the new PCR products could be 
determined using the rapid stop filtration technique, as previously used in this study 
on BBMV and oocytes. 
212 
FINAL DISCUSSION 
14.9.2 Further characterisation of the transport process identified in pig 
jejunum 
Investigation into the distribution of the Na +/bile acid co-transport protein, revealed 
that another bile acid transport process appeared to be present in the pig jejunum. 
From the data obtained in this study, it was proposed that this transport process was 
the carrier mediated transport process previously identified in other mammals, but not 
pigs. Therefore, further functional characterisation of the transport process is required 
to determine if it is a carrier mediated transport process and if it has any dependence 
on cations or anions. Furthermore, investigation into a gene that could code for this 
transport process, could allow comparison for any homology with the ileal Na+/bile 
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APPENDIX 
Figure 1, Plasmid map used for cloning of the PCR product 
pCR®2.1-TOPO® 
Map 
The map below shows the features of pCR®2.1-TOPO® and the sequence surrounding the 
TOPO® Cloning site. Restriction sites are labeled to indicate the actual cleavage site. The 
arrow indicates the start of transcription for T7 polymerase. For the full sequence of the 
vector, you may download it from our web site or call Technical Service (page 19). 
/acZ!lATG 
M13 Reverse Primer Hindi Ill Kp1
n I Sac I Bant-f I Spe I 
I I I 
205 CAG GAA ACA GCT ~ 
GTC CTT TGT CGA TAC 
ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA 
TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT 
BsiX I EcfR I EcyR I 
gr~ ~gg ggg ggg ~gr grg grg g~~ rrg ggg g~aa:s3T.f.MMJ¥~g ggg g~~ rrg rgg 
EcoR V BstX I Noll Xho I Nsi I Xba I Apa I 
I I I I II I 
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG CCC TAT 
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC GGG ATA 
T7 Promoter M13 Forward (-20) Primer ~A~G=T~G~A~G~T~CG~T~A~T~T~ AAT TCA CTG GCC GTC GTT TTA 
TCA CTC AGC ATA A TTA AGT GAC CGG CAG CAA AAT 
Comments for pCR®2.1-TOPO® 
3908 nuclcotidcs 
LacZa fragment: bases 1-571 
pCR®2.1-TOPQ® 
3.9 kb 
M 13 reverse priming site: bases 205-221 
Multiple cloning site : bases 234-357 
T7 promoter/priming site: bases 364-383 
M13 Forward (-20) priming site : bases 391-406 
M 13 Forward ( -40) priming site : bases 411 -426 
fl origin: bases 548-962 
Kanamycin resistance ORF: bases 1296-2090 
Ampicillin resistance ORF: bases 2108-2968 
pUC origin: bases 3113-3786 
+ 
M 13 Forward (-40) Primer 
CGT GAC TGG GAA AAC 426 
GCA CTG ACC CTT TTG 
